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Abstract

The proposed experiment aims to measure the lifetime of 777~ atoms in the ground state
with 10% precision, using the 24 GeV /¢ proton beam of the CERN Proton Synchrotron.
As the value of the above lifetime of order 107's is dictated by a strong interaction at
low energy, the precise measurement of this quantity enables to determine a combination
of S-wave pion scattering lengths to 5%. Pion scattering lengths have been calculated
in the framework of chiral perturbation theory and values predicted at the same level of
accuracy have, up to now, never been confronted with accurate experimental data. Such
a measurement would submit the understanding of chiral symmetry breaking of QCD to
a crucial test.
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Chapter 1

Introduction

Pion-pion scattering at low energies is analysed in terms of scattering lengths. At present
pion-pion scattering is still an unresolved problem in the framework of QCD. However
the approach based on an effective lagrangian and Chiral Perturbation Theory (CHPT)
allows to predict S-wave 77 scattering lengths within 5%. These predictions have not yet
been tested at such a level of accuracy (the best precision is 20%).

To obtain the pion scattering lengths in a model-independent way, a measurement
of the lifetime of exotic atoms formed by 7+ and 7~ mesons (As, or dimesoatom) in
their ground state is suggested. There exists a precise relationship between this life-
time 7 and the difference of the isoscalar ag and isotensor a; S-wave scattering lengths:
1/7 = Clag — az]*. To determine |ag — aq| down to 5%, corresponding to the theoretical
uncertainty, the lifetime has to be measured with 10% accuracy. This is the goal of the
proposed experiment. The value of 7 predicted by CHPT is 3.7 - 107" s,

This measurement will submit the modern concept of chiral symmetry breaking to a
crucial test. Any significant discrepancy between the theory and the experiment would
demonstrate a basic problem in our understanding of the QCD vacuum structure.

Atoms As, will be produced in proton-nucleus (e.g. Ti) interactions at 24 GeV/c
(CERN Proton Synchrotron). After production in the target, these relativistic atoms
(y =~ 10) may either decay into 7°7® or get excited or break up (be ionized) in the
target material. In the case of breakup, characteristic charged pion pairs, called “atomic
pairs”, will emerge. These pairs have a low relative momentum ¢ in their centre of mass
system (¢ < 3 MeV/c¢) and so a small opening angle (- < 3 mrad) and nearly identical
energies (K4 ~ FE_ at the 0.3% level) in the lab system. The proposed experimental
setup consists of a magnetic double arm spectrometer with a resolution on relative pair
momenta of o, ~ 1 MeV/c. By these means, it is possible to determine the number of
“atomic pairs” above the background of pion pairs produced in a free state. The total
number of produced A, is related by an exact expression to the number of “free” pion
pairs with a low relative momentum. For a given target material and thickness, the ratio
of the number of observed “atomic pairs” to the total number of produced A,, depends
on the lifetime 7 in a unique way. For the optimum target the observation of ~ 2 -10*
“atomic pairs” allows to measure 7 with the desired accuracy of 10%. Considering the
experiment at CERN PS, the necessary amount of data should be collected in a running
time of about 7 weeks, including a reasonable safety factor.

The experimental setup consists of a scintillating fibre detector and a scintillation
hodoscope near the target, a spectrometer magnet (bending power of 2 Tm) and two tele-



scope arms, each equipped with drift chambers, scintillation hodoscopes, gas Cherenkov
counters and muon identifiers. The relative momentum resolution required for identifica-
tion of “atomic pairs” is provided by the high coordinate resolution of the fibre detector
and of the drift chambers. In addition, thin targets and thin windows in the vacuum
system must keep the effect of multiple scattering small. With a primary intensity of
10 protons per spill, a first level trigger rate of 3 - 10* events per spill, due to free and
accidental pairs, is expected. This high LHC-like trigger rate will be reduced by a factor
~30 with the trigger system. Special purpose processors will reject events with an open-
ing angle of more than 3 mrad as well as events with a relative momentum larger than
30 MeV/ec.

Among other physics subjects accessible to the proposed setup, only three topics are
mentioned here:

1. The observation of long-lived A,, states helps to study the feasibility of a Lamb
shift measurement in A,,. This energy shift is related to the pion scattering length
combination (2ag + a3) and hence its measurement, coupled with the lifetime mea-
surement, would provide a determination of ag and a,, separately.

2. The observation of 7K~ atoms and measurement of their lifetime would allow
to extract model-independent values for 7K scattering lengths. A comparison of
these lengths with CHPT predictions would give the possibility to test the chiral
symmetry breaking in processes with strange quarks.

3. The analysis of pion pairs enables to investigate strong and Coulomb 77 correlations
in the range of very small relative momenta with high momentum resolution using
high statistics ~107.



Chapter 2

Theoretical motivation

The standard model (SM) of elementary particles comprises our understanding of the
strong and electroweak interactions. Symmetries play the central role in determining the
dynamical structure of the model. Although many input parameters are needed, the SM
is a mathematical construction of considerable predictive power.

The strong part of the SM, quantum chromodynamics (QCD), is a gauge theory of
coloured quarks and gluons. QCD as a nonabelian gauge theory exhibits two distinct
features, asymptotic freedom and colour confinement. At large momentum transfer, QCD
predictions have successfully been tested in many reactions, but clearly these results cover
only one aspect of the theory, namely asymptotic freedom. It is of great importance to
also study the nonperturbative region of QCD in order to fully understand the dynamics
of strongly interacting hadrons. Up to now, mainly two accepted methods to handle
nonperturbative QCD have been developed: lattice calculations [LATT93] and chiral
perturbation theory [LEUT93]. In the following we concentrate on the latter.

2.1 Chiral symmetry and chiral perturbation theory

Consider QCD with two flavours u and d. In the case of massless quarks, Lqocp is
invariant under chiral SU(2)7,xSU(2)g transformations. On the other hand, the observed
hadron spectrum suggests that the ground state of the theory is asymmetric under the
action of this group (spontaneous breakdown of chiral symmetry). As a consequence,
there exist three massless pseudoscalar particles in the spectrum (Goldstone bosons).
The three lightest hadrons 7%, 7° indeed are pseudoscalars, but these particles are not
exactly massless as it would be appropriate for Goldstone bosons. This is attributed to
the fact that the full lagrangian of QCD is not chiral invariant—the masses m,,, mq break
the symmetry SU(2);,xSU(2)g and provide the pions with a mass, m, ~ 135 MeV.

The Goldstone nature of the pseudoscalar mesons implies strong constraints on their
mutual interactions. These are studied most efficiently in the framework of an effective
theory, which is formulated in terms of the physical pion fields [WEIN68] instead of quark
and gluon degrees of freedom. This framework, called chiral perturbation theory is math-
ematically equivalent to QCD [WEIN79, LEUT93] and provides a systematic way to eval-
uate S-matrix elements at low energies [WEIN79, GASS83, LEUT93, LEUT93A, CHPT].
It consists in an expansion of the Green functions in powers of the external momenta
and of the quark masses. Lorentz invariance, P, C' and chiral symmetry determine the



structure of the effective lagrangian which allows one to work out that expansion,
Log=LD 40 ... (2.1)

where the indices denote the number of derivatives and quark mass insertions. At low

energies, the term with the smallest number of derivatives will dominate, because the

higher order contributions are small in this energy range. The leading order lagrangian is
2

F
£® = “Zr(@,U9"U" + m3(U + UY)), (2.2)

where the unitary matrix

i o ( 70 \2rt ) (2.3)

U=exp—; S g

Fr

collects the pion fields. According to the rules of CHPT, the leading order term in the
low-energy expansion is obtained by evaluating tree diagrams with £, These con-
tributions thus contain just two parameters—the pion decay constant /), and the pion
mass m,. These are not determined by chiral symmetry alone and are taken instead
from experiments. The next-to-leading order terms are obtained by evaluating one-loop
diagrams with £(?) and adding tree diagrams from £®. The latter lagrangian con-
tains seven further low-energy constants [, ...,[; which absorb the infinities generated
by the loop contributions. Their renormalized values [; have been extracted from low-
energy data some time ago [GASS84]. Continuing in this way, a systematic expansion
is obtained, and a large body of processes has been calculated with controlled precision
[WEINT79, GASS84, GASS85, LEUT93A, CHPT].

CHPT exploits only one part of the information contained in the lagrangian of QCD,
its symmetry properties. Lattice calculations are of a wider scope: they allow one to
calculate the full set of Green functions at any value of the momenta in terms of the scale
of the theory and of the quark masses. In particular, it is in principle possible to evaluate
in this manner the unknown low-energy constants which occur in the effective lagrangian.
Once this can be achieved, it is, of course, not necessary anymore to make use of CHPT,
because the relevant information may then be obtained directly from a lattice calculation.
Unfortunately, one has presumably still to wait a long time before this program reaches the
accuracy aimed in CHPT. The reason for this is the smallness of the pion mass: to make
sure that the lattice calculation reproduces correctly the infrared singularities encountered
in the low-energy expansion, the lattice must extend to distances large in comparison to
m_-'. Note that one cannot see all of these singularities in the quenched approximation—
the calculation has to include the fermion determinant to correctly reproduce the chiral
logarithms. It seems fair to say that a lattice calculation that accurately accounts for
these long range effects is not in sight.

Pion-pion scattering was also studied in quark models [VOLK87, EFIMS86].
2.2 77 scattering: theory

Pion scattering is one of the rare examples in strong interaction where the theoretical
predictions are more accurate than the available experimental results. In the following
we consider in particular the difference

A = ag — a2 (24)



of S-wave scattering lengths ag 2 with isospin I = 0, 2. (Here we neglect isospin breaking
effects which are considered shortly below.) In the framework of QCD, the scattering
lengths are functions of the renormalization group invariant quark mass and of the scale
of QCD. They are represented in CHPT by an expansion in powers (and logarithms) of
the pion mass,

A=A {1+ Agm? + Agm? +...} . (2.5)

The scale in this expansion is 47 F, ~ 1.2 GeV. The leading term Ay may be obtained by
evaluating the contribution from the tree graph in Figure 2.1a. This diagram corresponds
to the first term, O(p*), of the momentum expansion for the pion scattering amplitude
and generates the current-algebra expression for the mm scattering lengths, derived by
Weinberg a long time ago [WEIN66]. The result for the leading term Ay becomes

9m?
Ag = — 7 —0.20. 2.
°7 3272 020 (26)

Here and further on the units A = ¢ = m, = 1 are used.
The next-to-leading order contribution A, is due to one-loop diagrams generated by
£ and to tree graphs from L£®*)—we display in figure (2.1b-2.1e) some of the relevant

diagrams of O(p?).
m T m T
- >< + >©< +
m a) T T b) m

™ ™

Figure 2.1: The 7 scattering amplitude in the loop expansion. The diagram a) displays
the tree graph which generates the leading order term (2.6). The graphs b)-e) stand for
one-loop corrections which contribute to A,, see equation (2.7).

The quantity A, contains four of the seven low-energy constants mentioned above
and depends logarithmically on the pion mass [GASS84]|. To calculate numerically this
correction, one may replace two of the four low-energy constants by the D-wave scattering
lengths a2, a2 (notation a}) and a third one by (r?)%, the scalar charge radius of the pion

[GASS84]

™ 1 7
Ay=— {<r2>5 + 407 F2(ag + 2a3) + m(m — 1553)} : (2.7)



Inserting the numerical values' gives

A =0.25+0.01. (2.8)

The values of the usually used scattering lengths are [GASS84]

ap=(0.20£0.01)  and  ay = (—0.042 £ 0.002). (2.9)

The error in (2.8) includes an estimate of higher order corrections in the quark mass ex-
pansion.

It should be noted:

1.

The contribution from the scalar radius (r?)% amounts to a 10% correction. The
numerical value quoted is the result of a dispersive calculation [DONO90]. CHPT
yields an independent determination [GASS84], based on the ratio Fi/F,, which is
in good agreement with the dispersive result. Since the uncertainty in the value of
(r*)T is of order 10%, it affects the error bar of the prediction at the 1% level.

According to the w7 phase shift analysis of Froggatt and Petersen [FROGT77], the
contribution of the D-waves amounts to Ap_waves = %mi(ag + 2a3) = 0.0074, so
that this term represents a correction of about 4%. A recent calculation [BIJN94A]
of K4 decay matrix element in the framework of SU(3)z, xSU(3) g allows an indepen-
dent determination of the D-wave scattering lengths, based on the threshold value

[ROSST77] of two Koy form factors. The value obtained, Ap_yaves = 0.0083, neatly

confirms the above result.

The constant I3 determines the magnitude of the corrections, which occur, when m?

is expanded in powers of the quark masses. The leading term of this expansion is
proportional to m, + my,

m? -
mi:mQ{l—mlg—l—O(m4)} s mZEB(mu—I—md)

According to Gell-Mann, Oakes and Renner, the constant B is related to the value
of the quark condensate in the chiral limit. In the standard CHPT framework, /5 is
a quantity of order one and therefore generates a very small contribution, such that
the expansion is dominated by the leading term. In the case of A, the correction
from [3 amounts to less than 1%.

. The further contributions, arising from higher order effects, are expected to be small.

The full two-loop calculation, which will allow one to estimate these corrections more

reliably, is in progress [COLA94, BIJN94B].

The origin of isospin breaking effects is due to the quark mass difference m,—mgy # 0
and to electromagnetic interactions. The quark mass difference generates a tiny shift
of 0.2 MeV to my+ — mo [GASS84], whereas the 77 scattering amplitude remains
isospin symmetric up to and including the first non-leading order in the low-energy

L(r2)T = 0.60 £ 0.05fm?> [DONO90); I5 = 2.9 + 2.4 [GASS84]; a2 = (17 +£3) - 10~4m;* and a2 =
(1.3+3) - 10~4m;* [NAGETY]; F = 92.4 MeV [REVI94].

10



expansion [GASS84]. Therefore we do not consider these effects any longer here.
The effects generated by the electromagnetic interactions are also very small. They
modify the 7t7~ — 7%7% scattering amplitude at threshold, (p+ + p.-)? = 4m,+2,
by a contribution proportional to the fine structure constant, A — A 4+ aC'. Using
the lowest order effective lagrangian for electromagnetic interactions gives €' >~ 0.6
[GASS94], which amounts to a correction in the theoretical prediction for A of less
than 2%. In [MOOR94], the quantity C' has been estimated using a potential model.
For reasonable values of the range of the potential used, the effect is of similar size
as the one obtained with the effective lagrangian approach. Work to refine these

estimates is in progress [GASS94, RASC94].

Although standard CHPT is widely used, it may be questioned. The standard theory
assumes that the light quark masses are small enough for the expansion of the meson
masses in powers of the quark masses to be dominated by the leading term, given by the
Gell-Mann-Oakes-Renner relation. A direct experimental proof of this assumption is not
available. Stern and collaborators [STER93] have investigated the possibility that, for
one reason or another, the quark condensate happens to be small, such that the leading
term fails to dominate the expansion. They have shown that many of the predictions of
standard CHPT do not hold then. A particular example is the Gell-Mann-Okubo formula
for the masses of the pseudoscalars, the success of which would then have to be taken
as accidental. The prediction for the quantity A is also lost, because the framework of
Ref. [STER93] leaves the constant I3 unspecified. A value like I3 = —100, e.g., increases
the result for A by about 25% and brings it into agreement with the central value of
the currently available data (see below). If confirmed, the corresponding term in the
expansion of m2, which in the standard theory represents a correction of order 2%, would
instead be of the same order of magnitude as the leading term.

The implications for the current understanding of QCD would be drastic. In particular,
the values of the quark mass ratios m,, : my : m,, which follow from Weinberg’s formulae
[WEINT77], would then be ruled out. The fact that the ratios obtained with QCD sum
rules and lattice methods are in good agreement with the predictions of standard CHPT,
would then be accidental — worse, each of these methods would be incorrect.

One of the objectives of the proposed experiment is to decide the issue, be it by
confirming the standard theory, or by invalidating it.

2.3 77 scattering: experiment

The measurements of 77 scattering can be divided into two groups. The first one includes
experiments that can be interpreted in a model-independent way and so the precision of
the obtained results is determined by experimental errors only. The second group of
experiments is analyzed in the framework of models and the results contain, in addition
to experimental errors, model uncertainties whose size can only be estimated.

Most precisely the S-wave scattering length ag was determined in a model-independent
way from K4 decay [ROSS77]. The difference of the 77 scattering phases was obtained for
effective mm masses in the range 280 MeV < M, < 380 MeV. Then using Roy-equation
fits, ag was found [FROGTT]:

ao = 0.26 £ 0.05. (2.10)

11



As can be seen from (2.10) the experimental ag value is still five times more uncertain
than the theoretical value (2.9).
An estimation of A can be obtained using the universal curve [MORG68, NAGET79]

that allows to express ay through ag:

A =0.29 +0.04. (2.11)

Additional data on 77 scattering lengths were obtained considering different models.
In the interval 500 MeV < M., < 1000 MeV values for the 7 scattering phase were
extracted from an analysis of the reaction 7 N — 77 N in the initial pion momentum
range 4.5 GeV/c < p, < 17 GeV/c. Information on 77 scattering phases was obtained
after extracting the contribution of the one pion exchange to the differential cross section
for the reaction. Note that estimation of the role of the one pion exchange term and the

analysis of the one pion diagram involve model uncertainties. The extrapolation of 7m
scattering phase to M., = 2m, leads to [OCHS91]:

ao = 0.23 £ 0.08. (2.12)

For interpretation of experiments on the reaction # N — 77 N near threshold it is
possible to use a semi-phenomenological theory [ANIS65] based on relative momentum
expansion of the amplitude for the process. As effects caused by 77 interaction in the
final state are proportional to relative momentum, this contribution will be small just in
the region where the model describes experimental data well. The values of A in this
approach are

0.254+0.05 [BATU65]

A= 0424010 [BLAT70]

(2.13)
A value of the 77 scattering length a; may be found [OLLS67] in a model-dependent
way from an analysis of the process 7t p — 7% 7t n near threshold. A measurement of
the cross section of this reaction at pion kinetic energies 180 MeV < F, < 200 MeV gives

for az the value [SEVI90]:
az = —0.040 4+ 0.003. (2.14)

Here the error is purely experimental and does not include model-uncertainties. The
model used in the analysis of the experimental data took into account only two main
graphs, but not rescattering effects in the final state, loops and lagrangian £*). Besides,
many other graphs contribute to this reaction and to evaluate their role at the percentage
level is practically impossible.

The determination of w7 scattering phases from an analysis of decays K — mw 7 is
also model-dependent.

The scattering lengths and A are proportional to the quark mass and hence to the
explicit symmetry breaking part in Lqcp. Should it turn out that a direct and more
precise measurement leads to an apparent discrepancy between theory and experiment,
the standard picture of the vacuum structure of QCD would have to be revised [STER93].
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2.4 Atoms consisting of 77 and 7~ mesons as a
source of model-independent data on 7«
scattering in the S-state

After the clear evidence [AFAN93A] for the production of bound state of 7*7~ (atom
Ajyr) a study of the Ay, properties should allow to measure at first the difference |ag — as|
with the required precision and then ay and a, separately. In the following these properties
and their connection to ag and a4 will be discussed.

2.4.1 Lifetime of A,
The decay probability of Ay, is mainly determined by the charge exchange process

at+n- > a4+ 7° (2.15)
(branching ~ 99.6%) and is equal to [URET61]

0 on 1 8x[2am]"? ) ,
Wmo(’ﬂ' ™ ) = — = [T] (ao — CLQ) |'I7Z)n70(0)| . (216)

Tn.0 9

Here, 7, o is the lifetime of the atom with the principal quantum number n and the orbital
angular momentum [ = 0, 1, o(0) is the atom wave function in coordinate representation
at zero distance between 7t and 7=, Am = M4 — 2m_ 0, M, is the atom mass, and p
is the reduced atom mass. The relation (2.16) is model-independent and its uncertainty
does not exceed a few percent. The calculation of corrections reduce the uncertainty down
to the percent level [MOOR94].

Strong interaction and vacuum polarization lead only to small corrections to the

Coulomb wave function ¢4 o(0) [EFIM86, BELKS6]:

P1,0(0) = ¥f4(0)(14+3.3-1077). (2.17)
For the Coulomb wave function one has
3
4500 = 755, (2.18)

where pg is the Bohr momentum of the 7T7~ atom: pg = au, a is the fine structure
constant. Using (2.16) and (2.18) one receives,

Two =710 (2.19)

where 7 is the Ay, lifetime in the ground state. If the atom orbital momentum is odd then
the decay into two 7% mesons is forbidden by angular momentum conservation and Bose
symmetry. If the orbital momentum [ is even and [ > 0, then annihilation is suppressed by
a?. Consequently the Ay, lifetimes for [ > 0 are by a factor of 10* larger than 7. Hence,
Ay, annihilation takes place mainly from [ = 0 states with lifetimes given by (2.19). By
measuring the atom annihilation probability and knowing the distribution of A,, over n,
one is able to obtain the lifetime 7 and, finally, to extract a value for |ag — as|.

Using the chiral theory prediction (2.8) one can estimate

7= (3.740.3)-10"'5s. (2.20)
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2.4.2 Relation between probabilities for A5, — v+~ and
Ay = 70 + 70 decays

The probability for the decay of A, into two photons [URET61] is given by

2mar’

Wao(yy) = |¥n0f” (2.21)

m3
and is about 250 times less than the probability of decay into two 7% (2.19). By measuring
W, /Wro o with 10% accuracy one can obtain |ag — az| with 5% precision.

In the Letter of Intent [VIGD92] an experiment is proposed to observe Ay, at the
Indiana University accelerator (IUCF Cooler). Dimesoatoms will be generated in the
reaction

p+d— He+ Ay, (2.22)

at the proton energy exceeding the threshold of 7¥7~ pair production by 1 MeV. If the
yield of A, is sufficiently high, then the authors will plan an experiment to measure

W)/ Wiror0y with a precision of 10%.

2.4.3 Energy difference between np and ns levels

Strong interaction and vacuum polarization lead to a splitting of energy levels and so
to a difference AFE,,_,, between ns and np energy levels. For n = 2 the value AEéz)_Qp
resulting from strong interaction [EFIM86] amounts to

2
AE .

_2p: _3

|11.0(0)2(2ag + ag) ~ —0.3 eV. (2.23)

mqy
This “strong” contribution constitutes the main part of the splitting, as the vacuum
polarization adds to AFys_g, only AEéiil%p = —0.06 eV.

Simultaneous measurement of lifetime and Lamb shift allows to obtain a¢ and aq
separately in model-independent way and to test further predictions of CHPT.

2.5 CP violation and 77 scattering lengths

One of the parameters connected with direct CP violation is €. The phase of ¢ is
given [REVI94]:
1
gb(él) = 5’7’(’ — (S, (S = 50 — 52 5 (224)
where d¢(d2) is the S-wave phase of mm-scattering with isospin 0(2) at a c.m.s. energy of
mn (Myzr) equal to the K meson mass. Up to now the value of § was found [OCHS91]
using the phases §g and d, in the interval 0.6 < M,, < 1 GeV [GRAY74]. The values
do and dy were described using dispersion relations. The 7w scattering length ag was
considered as a free parameter. Its value was found to be

ap = 0.30+0.13 (from &y approximation) (2.25)
ap = 0.17+0.13 (from d, approximation). (2.26)
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The corresponding value of § is:

§ = (AT £ 6)°. (2.27)

The analysis made in other experiments does not contradict (2.27) if the systematical
errors of the experimental data are taken into account [OCHS91].

A model-independent measurement of ag — a,, that defines the behaviour of § at low
energy, would allow to reach substantially better reliability in the determination of 4.

In this proposal it is planned to determine |ag— ay| with 5% precision by measuring the
lifetime 7y g. The way to measure scattering lengths is based on the fact that the proposed
method of Ay, observation and the lifetime measurement [NEMES5] was experimentally

demonstrated [AFAN93A, AFAN94].
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Chapter 3

Production of Ay, and pionic pairs in
high energy collisions

We intend to measure the lifetime of A,; produced in interactions of 24 GeV protons
with target nuclei. The atoms will be observed by detecting #*7~ pairs from the atom
breakups which occur in the target where they are produced. The pions from A,, breakup
have a low relative momentum (< 3 MeV/c) and are to be observed as an excess above a
large background of 7t~ free pairs.

In this Chapter we give the equation which relates the Ay, production cross section
with the doubly inclusive cross section of 777~ pair production. The effects of Coulomb
and strong correlations for free ¥ 7~ pair production cross section are also considered.
The measurement methods of A, lifetime are described in Chapter 4.

3.1 Cross section of A, production and A,
quantum numbers

In ref. [NEMES5] the production of #¥7~ atoms (and of other hadronic atoms) in
inclusive processes was discussed, and a method for the observation of these atoms and
their lifetime measurement was proposed. Based on quantum mechanics only, there was
given an exact formula (3.1) relating the atom production cross section to the double
inclusive production cross section for the particles forming the atom.

Thus the probability of A, production is proportional to the double inclusive cross
section for the production of 7% and 7~ with a small relative momentum and to the atom
wave function squared at zero particle distance. The atoms are generated in S-states with
the cross section:

do? 3 By do?
no_ (9 \I;n 2 S 1
a7, @m)" 5, 1920 a5 di, : (3.1)

P1=p2=7Fa/2

where g4, E4 and M4 are momentum, energy and mass of the 7t7~ atom in the laboratory
system, respectively; |¥,(0)|* is the atomic wave function squared at the origin (see (2.17),
(2.18)); do?/dpy dps is the double inclusive production cross section for 7+~ pairs from
short-lived sources without taking into account 7#¥7~ Coulomb interaction in the final
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state (see Section 3.2); py and py are the 77 and 7~ momenta in the laboratory system.
The 7+ and 7~ momenta obey the relation p; = gy = pa/2.

The Aj, are produced with orbital momentum [ = 0, as |¥,(0)|> = 0 for / # 0, and
in atomic states with principal quantum numbers n, distributed according to |¥,(0)[* ~
n= Wy = 83%, Wy = 10.4%, Ws = 3.1%, W4 = 3.5%. Note that S22, [0,(0)]? =
1.202]0, (0)]2.

The double inclusive cross section may be written in the form [GRIS82]

do® 1 do do

= 1 ——»——»R'_‘f_‘ 3 3.2
dpy dp, Tin dp1 dpy (p1 pz) ( )

where do/dp; and do/dp, are single particle inclusive cross sections, o;, is the inelastic
inclusive cross section of hadron production, R is a correlation function due to the strong
interactions only. In the case of 77 and 7~ mesons, satisfying the requirement p; =

pa R = 1.65 + 0.05 [GRIS82, URIB94]. Note that the absolute values of R and cross

sections have not to be known exactly for the atom lifetime measurement.

3.2 Free pairs. Coulomb and hadron correlations.

The inclusive spectrum of free 777~ pairs consists of a sum of two kinds of events

which are different with respect to the size of the 71 and 7~ meson formation region.

Events of the first kind contain particles arising from short-lived sources and broad
resonance decays (p, w, A, ...). In this case the typical range of pion formation is
Tform ~ 1/m, ~ 13 fm, much less than the Bohr radius of the 77~ atom: rg = 387 fm.
The differential production cross section of these pairs at small relative momenta (in pair
c.m.s. ¢ < 10 MeV/c) is enhanced by the Coulomb interaction between the pions in the
final state [AFAN91A]. The pion pairs, produced by short-lived sources, will therefore be
named “Coulomb” pairs.

The second kind of pion pairs are events in which one or both particles are coming
from long-lived sources (n, K2, A, ...). In this case the typical range between pions
is > 1000 fm and hence Coulomb and strong interaction effects in the final state are
negligible. These pairs will be called “non-Coulomb” pairs.

At reomm < rp the production cross section of “Coulomb” pairs with pion momenta p;
and py can be written:

do do? | do, do
= 5_‘ = AC - 5_‘ — Ac _‘s _‘s Rs = 7’_, ’ 33

where the index s is a reminder for the short-lived sources and A.(3) is the Coulomb
factor [SAKHA4S].

The Coulomb factor A.(3) is a precisely calculated function and depends on the rela-
tive velocity 3 of 77 and 7~ in their c.m.s.:

AdB) = 2my/ (exp (2mp) = 1), 7= ——

% , (3.4)

where « is the fine structure constant.
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The relativistic corrections to A.(3) do not exceed 0.5% [BAYE69] and lead only to a
modification of n = pg/q, where pp is the Bohr momentum of A,,.

The Coulomb interaction of pions with residual nucleus has an negligible influence
on the correlation function because of the relativistic velocity of pions. A numerical
evaluation of this effect will be obtained using approach developed in [ERAZ94].

The hadron correlation function R,(p),p2) accounts for the pion pair production dy-
namics and strong interaction of the pions in the final state. In what follows we are mainly
interested in the g-dependence of Ry in the interval 0 < ¢ < 30 MeV/c. The function R;
is parametrized in the form [URIB94]

Ri(q) =1+ F(q)S(qg*), (3.5)

where F(q) takes into account the 77 interaction in the final state and S(g*)—the dy-
namics of 777~ pair production.

The relative change of S(¢*) in the range of g from 0 to 30 MeV/c is about 1.6 - 103
[URIB94]. This result is explained by the small difference of #*7~ effective mass M,
from 2m,: M., = 2m, + 1.6 MeV at ¢ = 30 MeV/c.

The correlation function F(¢) can be obtained [KALI94] in the framework of the inde-
pendent source model [KOPY72, LEDN82, LEDN90]. Figure 3.1 shows the full correlation
function for detected pion pairs. We see that F(q), in the interval 0 < ¢ < 30 MeV/c,
can be described by the relation:

F(q) = F(0) — £q. (3.6)

In practice, ¢ is found to be independent on the model parameter and equals £ ~ 1.2 -
1073 (MeV/c)™.

To summarize this point, the hadron correlation function changes at most by ~ 4-1072
in the interval 0 < g < 30 MeV/c. This is confirmed by the experimental observation
[AFAN93A].

Obviously the production cross section of the “non-Coulomb” 7#¥7~ pairs o; may be
written:

doy  do do
dpydpy — dpyvdpy  dpy dpy
As for these pairs the Coulomb correlation is absent, the g-dependence of these pairs
differs greatly from the distribution of “Coulomb” pairs at ¢ < 10 MeV /e. This difference
is taken into account in the data analysis.

The g-dependence for atomic, “Coulomb” and “non-Coulomb” pairs are shown in

Figure 3.2.

(3.7)
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Figure 3.1: Correlation function of #+tn~ versus relative momentum ¢ for pion pairs
detected in the setup. Calculations have been performed in the framework of the in-
dependent source model [LEDN82] with the spherically symmetric space-time Gaussian
distribution of the pion sources. The time parameter of the Gaussian was 7 = 1.0 fm/c
and the space one was varied: rg = 1.2 fm — solid lines 1 and ro = 2.0 fm — dashed
lines 2. The pure Coulomb correlation function is shown by dotted line. The correlation
due to strong interaction F(q) is shown at the bottom of the figure and in the insertion
(larger scale).

atomic pairs
. . T ‘Coulomb’ pairs
‘ Nttt ‘non—Coulomb’ pairs

a.u.

Figure 3.2: g-dependence for atomic, “Coulomb” and “non-Coulomb” pairs. The relation
between the shot-lived and long-lived sources was obtained with the Lund model. The
curves fall off for ¢ > 4 MeV/c due to the cut on the transversal components of g¢:
gx < 4. MeV/c and ¢y < 3. MeV /¢, which will be applied at data processing.
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Chapter 4

Detection of relativistic Ay, and
lifetime measurement

4.1 Method of A,. detection

The lifetime of 777~ atoms is very small (Section 2.4.1): As; can only be observed
by detecting 7T 7~ pairs from the atom breakup which occurs in the production target
[INEMES5].

The 7+~ pairs are produced either as free pairs or as bound states (atoms As,). The
atoms may annihilate into 77 or break up (get ionized) into 7+
due to Ay, interactions with the target atoms. The number of atomic pairs depends on

7~ pairs (atomic pairs)

the lifetime of the atoms, their breakup cross sections and the target thickness.

Let us assume that the target is made of material with an atom breakup length Ay,
approximately equal to the atom annihilation length A,.,. Let first the target thickness [
be much less than the breakup length: [ < Ap,. Then most of the atoms produced in the
ground state get out of the target into vacuum and annihilate. If such a thin target for
atom production is used and if the setup detects charged pions then these charged pairs
will be free pairs and not atomic pairs.

If the target thickness is [ &~ Ap, & Aann the fraction of atoms which break up inside
the target increases and the setup will detect, besides free pairs, some atomic pairs.

For atomic pairs arising from A,, breakup, the value of the relative momentum ¢ in
the 77~ c.m.s. is less than 3 MeV/c with a probability of ~ 95 %. Therefore, atomic
pairs have approximately equal energies £, =~ F_ in lab system and only a small open-
ing angle ©® ~ 6/4 mrad, where « is the Lorentz-factor. In the region of small relative
momenta both atomic and free pairs will be detected. The number of atomic pairs is
found by subtraction. The measurement of the ratio of the atomic pair number to the full
number of produced atoms or the measurement of the atomic pair number as a function
of the target thickness allows to determine the atom lifetime.

4.2 Methods for A, lifetime measurement

For a fixed target thickness and atom momentum the probability of A,, breakup is defined
by the dynamics of dimesoatom interactions with the target matter and by its lifetime in
the ground state 7. To obtain 7 one has to obtain the numbers of produced (N4) and
broken up (n4) atoms. Comparison of the measured breakup probability P, = na/Na

20



with the calculated (see Section 5.3) dependence P, on 7 gives the value of the lifetime.

The measurement of ny4 is realized through the analysis of the experimental distribu-
tion of 7T~ pairs. In the region ¢ > 3 MeV/c there are only free pairs. This part of the
spectrum is fitted with a function obtained from the experimental distribution of 7%~
accidental pairs (see below). This function depends on two parameters, their nature being
clearly understood, and includes also a normalization factor. The extrapolation of the
approximation function to the region ¢ < 2 MeV /¢ yields the number of free pairs in this
relative momentum interval and, hence, the value n 4.

The number of free pairs with low ¢ is strictly related to the number N4 of atoms
produced in the target (3.1). In this way N4 is determined.

So, the procedure of obtaining the breakup probability P, through the measurement
of ny and N, is based only on the analysis of the experimental 7+ 7~ pair distributions
and includes only relative measurements. The knowledge of the absolute value of the
setup efficiency is not needed as the efficiency for detecting low ¢ free pairs is the same
as that for atomic pairs. The absolute number of proton interactions in the target is also
of no importance as the detection of free pairs and of A,, proceeds in parallel.

Two important measurements with other targets have to be done to test fundamental
aspects of the analysis. The first one is checking up the correctness of the extrapolation
procedure. For this purpose a target made of beryllium will be used consisting of several
thin foils with gaps between them. With this type of target the atoms mainly annihilate
in the gaps and the breakup probability is very low and practically does not depend on
the atom lifetime. So one should observed a small predictable number of dimesoatoms
independent of 7.

The other point to be checked is the experimental verification of the correctness of the
calculated breakup cross section. This can be done by means of a target made of high 7
and high density material (Ta, Pt). In such a target the breakup probability and, hence,
the observable value n 4 is only weakly depending on 7 as in this case the breakup length
is much less than the annihilation length. The number of detected A, may be compared
with the calculated one without being affected by the lifetime value.

4.2.1 Method of extrapolation

The method of extrapolation was used in the experiment [AFAN93A] for the observation
of Ay,. Besides real coincidences of m mesons, accidental coincidences of pions were also
recorded. The distribution of the time difference between hits in the positive and neg-
ative particle arms contained a real coincidence peak above a uniform background from
accidental coincidences. The real coincidence peak consists of atomic and free pion pairs.
To obtain the distribution of real pion pairs versus relative momentum the normalized
distribution of accidental pairs is subtracted from the distribution of all events in the time
window of real coincidencies.

The accidental pairs are used to describe the free pion pair distribution as the acciden-
tal #¥7~ pair distribution dN™/dq = ®(q) coincide with the free 777~ pair distribution
dN?/dq without taking into account final state interactions. This follows from the fact
that both distributions are proportional to the product of the single inclusive production
cross sections of 77 and 7~ mesons [GRIS82]. The distribution ®(q) is obtained from the
accidental event distribution dN,/dq by subtraction of the 7=p and 7 K accidental pairs,
their small contribution being measured by means of the time-of-flight technique during
a calibration run.
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The distribution ®(q) is the sum of the pair distribution ®(q)w,(q) from short-lived
sources (pairs from direct processes and from decays of p, w, A, ...) and of the pair
distribution ®(¢)[1 — w,(q)] from long-lived sources (one or both m mesons arising from
nor K decays). Here the weight w,(q) is the probability that two pions in an accidental
pair originate from short-lived sources. For the simulation w;(q) is taken from the Lund
model. For data analysing w,(q) will be obtained using accidental pair distributions only.
An estimation of an systematical error in this approach is discussed in Section 13.1.5.

The Coulomb interaction in the final state is taken into account by multiplying
O (q)ws(q) with the Coulomb factor A.(3). The pion pairs from long-lived sources do
not interact in the final state, and therefore no correction is applied to the distribution
B(g)[1 - wy(g)].

From the above we can write:

G(q) = N®(q) {ws(q)Ac(B) (1 + aq) + [[1 = wi(q)]} (4.1)

where N is a normalization factor; f is a free parameter which accounts for the uncer-
tainty of ws(q); the factor (1 +agq) takes into account strong interaction effects in the final
state (see Eq. (3.6) and Section 13.1.4) and «a is a free parameter. With such a description
of the data the particle production dynamics as well as the setup efficiency are taken into
account.

The experimental distribution dN,/dq is fitted for ¢ > 3 MeV/c (where atomic pairs
are absent) by the distribution (4.1). The number of atomic pairs is determined by the
difference between the number of 7¥7~ pairs measured in the interval ¢ < 2 MeV/c and
the corresponding number of free pairs, obtained for ¢ < 2 MeV /c by extrapolaton of the
distribution (4.1) which fits the data in the region ¢ > 3 MeV/c.

The equations (3.1-3.4) give the possibility to calculate the total number of produced
Ay, by means of the experimental number of Coulomb pairs. The spectrum of Ay, may
be obtained by also using (3.1). The ratio of the atomic pair number to the number of
produced Ay, is the so-called Ay, breakup probability B,,. In Figure 5.1 the Ay, breakup
probability is shown as a function of the atom lifetime for different target materials. From
the measured value P, one can therefore determine the A, lifetime.

4.2.2 Subtraction method

To measure the dimesoatom lifetime in another way one can use the subtraction method
based on the use of three targets (for details see Appendix C). The targets Ty, Ty and
T5 are made of the same material and have the same total thickness but they consist of
1, ky and ks (1 < ky < k3) layers separated with gaps. In the case of T5 most of the As,
produced in any layer annihilate between this layer and the next one.

If experimental data are accumulated for the same number of interactions in each of
the three targets, one has for all targets the same number of free pairs Ny, but different
numbers of atomic pairs n 4, as the probability of Ay, breakup differs for the three targets.
The value z = (Ny — N3)/(N1 — N3), where N; = Ny; + n4;, actually depends on n4 only
and consequently on the A, lifetime.

This method requires more statistics than the extrapolation method for a lifetime mea-
surement of the same precision, but is free from the assumptions made in the extrapolation
method concerning the shape of the free pair spectrum.

A similar method was applied in the 7° meson lifetime measurement [ATHE85] where
two targets in three different distances between them were exposed to the beam.
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Chapter 5

Interaction of relativistic Ay, with
matter

The interaction of Ay, with matter is of great importance for the experiment as the
Ay, breakup is involved in the procedure of lifetime measurement. So the corresponding
cross sections have to be known with high precision. To measure the atom lifetime with
a precision of 10% the probability of its must be known with a precision not worse than
a few percent.

5.1 Interaction cross section of As. with atoms

After production in hadron-nucleus interaction the A,, atom is moving in the target
material. Electromagnetic interaction cross sections of A, in the ground state with atoms
are of the order of 1072° ¢cm?. We shall neglect the strong interaction between A, and
nuclei of the target atoms.

Electromagnetic cross sections depend on the charge as 72, so the interaction cross
section of Ay, with atom electrons is Z times smaller than with nuclei. The exact cal-
culation performed for interaction of Ay, with different materials [AFAN91B] shows that
the precision of this simple estimation is sufficient. For target materials with Z about 30
which are considered below the account of interaction with atom electrons (so called inco-
herent scattering) increases the cross sections by ~3-4%. Now we do not take into account
this influence but it will be considered for precise calculations. One should note that this
influence corresponds to the upper limit of the uncertainty of all present calculations.

The atom Aj, interacts predominantly with the electric field of the nuclei (Coulomb
interaction). There is also an interaction of Ay, with magnetic fields due to Lorentz
boosts. As shown in [MROWS87, DENI87| for the interaction of relativistic Az, with Cu
the total cross section of the magnetic interaction is 0.6% of the electric one and should
be considered in precise calculations.

To describe the Coulomb interaction of a hydrogenlike atom with other atoms we
used the first Born approximation (see for example [GILL78]) which considers only single
photon exchange. The precision of this approach can be estimated as (Za)? (« is the
fine structure constant) so for target materials with Z about 30 this leads to 4%. Other
calculation methods are available, such as the Coulomb-modified Glauber approximation,
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allowing to take into account all multiphoton exchanges and so providing much higher
accuracy [TARA91]. Tt is shown [TARA91] that all cross sections within this approach are
smaller than the corresponding ones in the Born approximation by a value not exceeding
the estimated accuracy of the latter one.

In the first Born approximation the excitation (transition between discrete states i
and f) and total cross sections of atom-atom interactions are expressed via atom form
factors:

o 4W(Za)27(1_ E(q))2 a2 ci_cf 5.1)

ol = SW(ZQ)2Z<1—%)2 (1-Fi(9) ‘% (5.2)

Here 3 is velocity of Ay, (h = ¢ = 1), 7 and f denote the initial and final states of A,
Fif(q) is the transition form factor of Ay, Fi(q) is the atomic form factor of the target
atom and ¢ is transfer momentum.

For the Ay, form factors F/(g) we used exact analytic expressions (see [AFAN93(C))
and for target atom form factors Fi(q) the Moliére parametrization of the Thomas-
Fermi potential [MOLI47] (T.F.M.). There exists also a more accurate representation
of these form factors based on the self-consistent field method of Hartree-Fock [HUBBT5,
HUBB79]. Calculations performed for interactions of A,, with various materials using
these two methods [AFAN91B] showed that the uncertainty of the cross sections calcu-
lated within the T.F.M. parametrization is about 1% for the Ay, ground state and slightly
more for excited states.

ey
)

Thus we calculated the excitation and total cross sections for A,, interaction with
target atoms with an uncertainty not greater than 4%. This value will be reduced with
methods discused above.

5.2 Description of A,, passing through the target
material

In this section we calculate the probability of the 777~ pair yield from the A, breakup
inside the target (probability of Ay, breakup). (For details see Appendix A.)

Using the calculated total and excitation cross sections we can describe the evolution
of the atomic state populations during the passage of A, through the target by a set of
differential equations. The lifetime and momentum of A,, are parameters of the equation
set. Since Ag, can get excited or deexcited in the interaction, an exact solution for any
state may only be obtained as a solution of the infinite set of equations. Hence we have
to limit the set of equations in order to get a solution (n < 7).

Populations of all states, with the principal quantum number n < 7, as a function of
the path in the target have been found and so the summed population Py of all discrete
states with n < 7. This function takes into account the interaction of A,, with target
atoms and the A,, annihilation.
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The summed population P, of all other atomic states, that are not included in the
equation set (“tail” with n > 7), has been estimated using the asymptotical behaviour of
discrete state population over n.

The Ay, atoms annihilate mainly from 1S state (2.19). The population of the first few
states is known with high accuracy and thus the probability of A,, annihilation (Pann),
too.

Having calculated the probabilities for Ay, to remain in one of discrete states or to
annihilate, while passing through the target, the remainder, that is probability of Ay,
breakup, P, is given by

Pbrzl_Pdsc_Ptail_Panh- (53)

In such a way we can calculate the probability of A,, breakup in any target for
arbitrary values of the atom momentum and lifetime.

In Table 5.1 the values Pase, Piail, Panh and Py, are given for various thicknesses of the
Ti target. The Ay, lifetime was assumed to be 3.7 - 107'% s. Calculations were performed
for 4.7 GeV/c Ay; momentum corresponding to the mean value for the setup. (This
momentum value is used in all further calculations.) The accuracy of P, calculations is
estimated to be not worse than 0.5%.

Table 5.1:
S pm Pdsc Ptail Panh Pbr

70 1 0.219 | 0.004 | 0.497 | 0.280
175 | 0.088 | 0.002 | 0.569 | 0.341
263 | 0.059 | 0.001 | 0.586 | 0.354
351 1 0.044 | 0.001 | 0.594 | 0.361
439 1 0.035 | 0.0006 | 0.598 | 0.366

In the approach discussed above we neglected two effects. The first one is the formation
time of atomic states. This time is low in comparison with the time between subsequent
collisions and therefore all states are considered to be already formed. This assumption
is valid for levels with principal quantum numbers n < 7. Secondly we neglect a possible
interference between atomic states with equal quantum numbers n and m and with orbital
quantum numbers [ which differ by Al = 2. This interference occurs due to Coulomb
degeneracy of atomic states. Its influence cannot be significant because the interference
is possible only for states with n > 3 which have small populations. These two effects
could be taken into account if one describes the atom evolution by quantum mechanical
equations in terms of density matrix elements.

5.3 Probability of Ay, breakup as a function of the
atom lifetime. Target choice for the method of
extrapolation

Using the method discussed above we calculated the probability of A,, breakup for
various targets. To compare different targets they have to be equivalent with respect to
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multiple scattering as this leads to equal accuracy in the procedure of Ay, selection. We
thus consider sets of targets having equal S/z¢ ratio, where z¢ is the radiation length and
S is the target thickness. In Figure 5.1 the probability of Ay, breakup as a function of
the atom lifetime is shown for a set of various material for targets equivalent to 20 gm of

Ta.
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Figure 5.1: Probability of the Ay, breakup as a function of the atom lifetime for different
materials of targets having equal thickness in radiation length units.

From such functions one can calculate the required precision in the measurement of
the breakup probability. In Figure 5.2 the relative accuracy of the breakup probability
0 Py, required to obtain the A,, lifetime with an accuracy of 10%, is shown as a function
of target nucleus charge Z for different targets and thicknesses. The thicknesses were
chosen to have the same S/xg ratio as for tantalum foils of 8, 20 and 50 pm. Solid lines
are drawn between points for equivalent thicknesses. The data correspond to the lifetime
value predicted by chiral perturbation theory: 3.7 - 10715 s.

Using the results from the calculation of Ay, and 77~ pair production (Chapter 9)
and from the simulation of the setup performance (Chapter 10) as well as the precision
of Az, selection with the method of extrapolation (Section 4.2.1), we can evaluate the
number of Ay, which has to be produced in the target in order to achieve the required
precision in P, and thus in lifetime measurements. In Figure 5.3 the number of A,,, to be
produced to obtain the A, lifetime within 10%, is shown as a function of target nucleus
charge 7 for different targets (the same targets as in Figure 5.2). In this calculation the
ratio of accidental to real coincidences in the setup was assumed to be 2.0, close to the
expected one (Chapter 11 Table 11.1).

From Figure 5.3 (Ay, lifetime of 3.7 - 107'° s) one sees that the smallest required
number of produced Ay, is for the iron target of 215 ym (equivalent to 50 ym of tantalum).
However the minimum is not deep, and for the choice of the target material and thickness
some other considerations should be taken into account (e.g. feasibility of the target
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Figure 5.2: The relative accuracy of the breakup probability d P, required to obtain the
Ay, lifetime within 10% as a function of the target nucleus charge Z for different thick-
nesses of targets. Solid lines are drawn between points for equivalent target thicknesses.
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Figure 5.3: The number of Ay, to be produced in the target to obtain the A, lifetime
within 10% as a function of target nucleus charge Z for different targets and thicknesses.
Solid lines are drawn between points for equivalent targets thicknesses.
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manufacturing, production of background not considered in the simulation etc.)

In Figure 5.4 the number Ny versus the ratio of accidental to real coincidences is
shown for targets equivalent to 20 ym of tantalum. This figure illustrates the importance
of accidental coincidences for the lifetime measurement in the case of the extrapolation
method.

eeeeo0 Al 436 um
sk T1 175 um
assaa Ni 70 um
Mo 47 pm

v b by b b b b b
Q"é,é .8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Acc/Real

Figure 5.4: The number of Ay, to be produced in the target to obtain the A, lifetime
within 10% versus the ratio of accidental to real coincidences for targets equivalent to
20 pm of tantalum.

In Figure 5.5 the number of Aj,, to be produced in the target to obtain the Ay,
lifetime within 10%, is shown as a function of the atom lifetime for targets equivalent to
20 pm of tantalum and the ratio of accidental to real coincidences equal to 2.0. For a
wide range of the Ay, lifetime there are target materials which require approximately the
same minimal numbers of produced A,, to measure the lifetime within 10%.

Let us summarize this discussion with some illustrative and final numbers in Table 5.2.
For different materials with nucleus charge 7 and for the ground state of A,; the total
cross sections ol% and corresponding interaction lengths Ay = A/cl%pNy are given.
Calculations were performed for the Ay, lifetime 3.7 -107"® s and momentum 4.7 GeV /e,
leading to an annihilation length A,nn = 18.7 pm. For targets with thicknesses S, which
are equivalent in radiation lengths to 20 ym of tantalum, the following numbers are found:
the probabilities of A,, annihilation P,,, and of breakup B, the relative accuracy in P,
measurement d P, and the number of produced atoms N4, required to obtain the lifetime
within 10%. One can see that targets in the range from Ti to Cu require approximately
the same number N4. From Figure 5.5 one can conclude that the Ti target is the most
suitable for the A,, lifetime measurement for the wide range of the lifetime from 3.5 to
9-107% s. If, however, a smaller value of the lifetime is found, targets with high Z should
be used.
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Figure 5.5: The number of Ay, to be produced in the target to obtain the A, lifetime
within 10% as a function of atom lifetime for different targets equivalent to 20 um of
tantalum.

Table 5.2:

Z | oig em® | A pm | Spm | Pan | P | 0P Na

Be | 04 | 1.35-10722 600. 1723. 1 0.840 | 0.139 | 3.1-1072 | 6.6-10°
Al |13 ]1.29-107% 128. 436.2 | 0.717 | 0.234 | 3.8-1072 | 1.1-10°
Ti | 22 |3.53-107%! 49.7 175.4 | 0.569 | 0.341 | 3.9-107% | 5.6-10*
Fe | 26 | 4.86-102! 24.1 85.9 |0.420 | 0.444 | 3.3-107% | 5.5-10*
Ni | 28 | 5.60-107%! 19.4 69.5 | 0.374 | 0.476 | 3.0-107% | 6.1-10*
Cu |29 |597-107% 19.6 70.1 | 0.375 | 0.475 | 3.0-107% | 6.1-10*
Mo | 42 | 1.21-107%° 12.8 46.9 | 0.290 | 0.534 | 2.4-1072 | 8.2-10*
Ta | 73 | 3.47-1072° 5.18 20.0 |0.148 | 0.635 | 1.3-107% | 2.4-10°
Re | 75 | 3.65-107%° 4.01 155 | 0.119 | 0.655 | 1.0-1072 | 3.5-10°
Pt | 78 | 3.93-1072° 3.84 15.0 | 0.114 | 0.659 | 9.8-1072 | 3.8-10°
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Chapter 6

Proton beam and secondary particle
channel

6.1 General description

The experimental setup will be placed in the south part of the PS East Hall at the proton
beam line ZT7. A schematic view of the proton channel and the experimental setup is
shown in Figure 6.1. Channel optics function is shown in Figure 6.2. Figure 6.3 depicts
top and side views of the experimental setup in detail.

The proton beam extracted from PS is focused on the target of the experimental setup.
Then the beam passes between the poles of the spectrometer magnet close to the lower
one and is absorbed in the catcher downstream of the setup.

The secondary particle channel is arranged at 3.5° relative to the proton beam. Atomic
and free 7T7~ pairs arising in the target are detected with coordinate detectors placed
before the spectrometer magnet and with two telescopes behind the magnet.

The coordinate detectors are the scintillation fibre detector with position sensitive
photomultipliers and the scintillation hodoscope for the double energy loss measurement.

The telescopes consist of drift chambers, scintillation hodoscopes, gas Cherenkov coun-
ters and p-identifiers. The last are made up of cast-iron absorbers and scintillation coun-
ters. The Cherenkov counters are used to suppress detection of electrons and p-identifiers
— muons.

6.2 The proton beam line ZT7

The proton beam line is described in detail in Appendix D. The ZT7 area uses the PS slow
extraction channel SE61. The energy of the ZT7 beam equals 24 GeV and its intensity
for proposed experiment needed is about 10! protons per spill.

The spill length is actually equal to 350 ms and it can be increased up to 450 ms.
During the slow extraction the beam momentum increases by 0.3%.

6.2.1 Magnetic and vacuum elements of the channel

The magnetic channel (Figure 6.1) consists of two quadrupole doublets separated by
a string of dipoles [DURI94] and of feedback-controlled correction magnets to tune the
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Figure 6.1: The PS East Hall with the proton beam line ZT7 and the experimental setup.
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Figure 6.3: Experimental setup: 1 — proton beam, 2 — target device, 3 — coordinate
detectors, 4 — collimator, 5 — spectrometer magnet, 6 — vacuum chamber, 7 — drift
chambers, 8 — Cherenkov counters, 9 — sections of the vacuum pipe, 10 — radiation

shield, 11 — vertical hodoscopes, 12 — horizontal hodoscopes, 13 — cast-iron absorbers,
14 — muon scintillation counters.
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proton beam location on the target. Stability of the beam centre of gravity at the target
of about 0.5 mm or better is needed inside the spill and from spill to spill.

The magnetic elements of the channel allow to obtain horizontal H and vertical V'
dimensions of the beam on the target: H =3 mm, V = 2 mm at the 20 level (Figure 6.2).
The focus position can be shifted 2 m upstream by simply changing the currents in the
quadrupoles. The beam divergence is £1 mrad.

The experiment is sensitive to the beam distribution far from the core. Level of the
beam halo must be low to diminish a counting rate of the coordinate detectors located
off the axis of the proton beam.

The proton beam passes in the vacuum. For mounting and change of the targets the
CERN target device of “Marguerite” type will be used. The target device is connected
with the vacuum tube through the vacuum valve and bellows. The vacuum volumes are
evacuated down to 1072 Torr with the backing pumps.

The proton beam downstream of the target passes in the vacuum also through a hole
in the radiation shield and between the poles of the spectrometer magnet close to the
lower pole.

In the magnet the proton beam is deflected in horizontal plane up to the angle +1.3°
in accordance with the value and polarity of the magnetic field. So the flexible vacuum
tight connection of the tube in the magnet centre is envisaged in order to keep the proton
beam in the tube at any value of the magnetic field.

The vacuum tube for the proton beam downstream of the magnet is ended with a thin
outlet window near the catcher where the proton beam is absorbed.

6.2.2 Catcher

The proton beam is absorbed in the catcher consisting of iron and concrete (Figure 6.1).
The catcher dimensions were determined by the PS division. The central part of the
catcher about 1 m high and 2 m wide is made of iron.

Swing of the beam in front of the catcher at change of the polarity of the spectrometer
magnet field is equal to 66 cm, i.e. the beam at both polarities of the field gets into the
catcher.

An additional concrete shield in front of the catcher with a horizontal narrow slot for
the beam must be foreseen in order to reduce back-scattering particles from the catcher.
At a fixed value of the magnetic field the slot in the horizontal plane may be diminished
by insertion some concrete blocks.

When the proton beam hits the catcher a flux of neutrons is produced in the direction
of the setup which increases a counting rate of the detectors. So a wall of concrete of
about 2 m thick will be made nearby the detectors that will reduce a background from
the catcher to acceptable level. The wall has a hole for the proton beam and a possibility
must be foreseen to make this hole smaller in order to reduce the neutron flux through it.

To estimate the wall thickness the results of measurements of neutron flux from the
catcher (24 GeV proton beam dump) carried out in the transfer tunnel TT5 [TUYN72]
and the absorption lengths in concrete for neutrons of various energies have been used.
We have obtained that for our setup the increase of counting rate of any detector due to
neutrons is less 10% if the concrete wall thickness is 2 m.
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6.2.3 Proton beam position, profile and intensity
measurements

After extraction the proton beam passes 20 cm in an air gap where a secondary
emission chamber (SEC) is installed for intensity measurements and then the beam enters
forevacuum channel. The SEC is calibrated in a fast extraction mode of the ejection with
help of a charge transformer. The accuracy of intensity measurement with the transformer
is +2%.

Measurements of the intensity (flux/per spill), position, profile and halo of ZT7 proton
beam will be performed in three positions along the beam: after the splitter, in the
immediate region of the target and at the end of the vacuum tube downstream of the
setup. Permanent measurement of the beam intensity after the splitter is performed with
a standard SEC.

The position of the proton beam, its profile on the target and intensity will periodically
be controlled during the runs. Rough measurement of the beam position on the target is
achieved with a luminescence screen that is mounted on the holders of the target device
“Marguerite”. The luminous spot arising from the beam interaction with the screen is
observed by means of a TV camera. The luminescence detector is fabricated in the form
of a grid made of 10 pm diameter berillium copper wires with 100 pgm pitch. The wires
are covered with inorganic phosphor, ZnS for example. Transparency of the grid is 95%.

The basic measurement of the beam profile and position on the target is provided by a
special secondary emission chamber. The number of wires in the device is 20 in horizontal
and the same in vertical planes, spacing between wires is 0.5 mm. So the whole spatial
interval covered is +5 mm.

This unit will be placed in the vacuum box of the target device and inserted in the
beam for the time of measurements. This chamber has additional electrodes made of foils
to measure beam intensity also. After the measurement has been carried out the chamber
is retracted from the beam and halo because the numbers of proton interactions with SEC
and the main targets are comparable.

To monitor the intensity and profile of the beam downstream of the spectrometer
magnet both in horizontal and vertical planes the secondary emission chamber fastened
at the outlet of the tube will be used. This SEC can be similar to that described above.

Permanent relative measurement of the number of protons interacting with the target
is performed with a scintillation counter telescope placed above the shielding roof. The
telescope detects charged particles emitted from the target at the angle of 90°.

6.3 Secondary particle channel

The channel for secondary particles is arranged at an angle of 3.5° with respect to the
proton beam (Figures 6.3, 6.5). The secondary particles arising in the target go through
the upper part of the space between the magnet poles. At such geometry the coordinate
detectors may be placed at quite a large distance to the proton beam.

The distance between the target and the magnet centre is equal to 4 m. The channel
aperture 1s £1.5° in horizontal and vertical planes. Hence the beam cross section in the
magnet centre (when the magnetic field is turned off) is a square of 21 x 21 cm? dimensions.

The secondary particle momentum distribution at the angle of 3.5° has a maximum
that gets into the dynamical range of the main detectors.
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Figure 6.4: Proton beam vacuum tube, target device and vacuum tube for primary and
secondary particle beams: p — proton beam, T — target, 1 — vacuum tube, 2 — flange
with aluminium seals for quick junction, 3 — vacuum tube of 2 m long, 4 — vacuum valve
with 150 mm body—size hole, 5 — bellows, 6 — target device of “Marguerite” type, 7 —
scintillation counter for calibration measurements, 8 — vacuum tube, 9 — thin vacuum
tight window of square section, 10 — blank flange, 11 — proton beam vacuum tube.

6.3.1 Initial part of the channel

The initial part of the channel for secondary particles is shown in Figure 6.4. In the
experiment we shall use targets of different thicknesses made of different materials and
they will be exchanged during a run.

Consequently in the target device there will be foreseen a target changing mechanism.
Now we intend to use a target device of “Marguerite” type which will be connected with
the proton beam pipe by means of bellows.

The target control system must carry out a change of the targets after a few spills so
that the measurement conditions should be the same for all targets. The rate of change
of the targets will depend on the stability of the accelerator running.

The type of the target settled in the beam must be identified unambiguously and
remotely by means of TV camera. Possibility one should foresee to inspect the target
visually.

In the distance between the target and the coordinate detectors the proton and sec-
ondary particle beams pass in the common vacuum tube (Figure 6.4). This tube has a
big cross section in order to reduce the particle scattering on the tube walls into the setup
aperture. For analogous reasons one must avoid installation of a radiation shield around
the tube.

Along this section a weak leakage field of the spectrometer magnet exists. This field
distorts trajectories of the atomic pairs and hence leads to errors in measuring of transver-
sal components ¢, and ¢, of the relative momenta of pairs. So the measurements of the
weak magnetic field along the section must be carried out to introduce corresponding cor-
rections in ¢, and ¢,. Magnetic shield of the channel will probably be needed for reduction
of the magnetic field to a tolerable level.

At the end of the pipe there is a thin foil window for the secondary particle beam.

A scintillation counter will be settled near the target in the secondary particle beam.
The counter will be used prior to the main measurements for determination of K meson
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and proton amount with respect to m meson yield with help of time-of-flight method.

After the thin window there is an air gap. Into the air gap the coordinate detec-
tors (Chapter 7) will be settled. The function of the coordinate detectors is a precise
measurement of coordinates of particles passing through the detectors.

6.3.2 Collimator, radiation shield and vacuum

Another vacuum volume begins with the inlet window of 105 mm square (Figure 6.5).
The air gap between this window and the window placed on the blank flange of the wide
tube is about 100 mm. The tube after the air gap, placed immediately in front of the
spectrometer magnet, has a square cross section with the opening angle +1.5° both in
horizontal and vertical planes.

Around this section of the vacuum channel and the nearest part of the proton vacuum
tube there are laid blocks of non-magnetic material (stainless steel, for example) in order
to form the outside surface of rectangular shape. This vacuum section together with the
blocks is named here as a collimator. The collimator determines the angular aperture of
the setup. Outside the collimator a radiation shield from lead of about 1 m thick will be
placed. An additional shield can also be placed between the magnetic coils of the magnet.

Parts of the tube of square cross section must be enlarged outside both ends of the
collimator to lessen the amount of particles scattered on the tube walls.

Inside the interpole space of the spectrometer magnet the vacuum tube of square
cross section turns out into the large vacuum chamber with the flat walls. The angular
opening of the chamber in the vertical plane is £1.5°. In the horizontal plane the chamber
dimension at the outlet of the magnet is as large as the transversal dimension of the magnet
poles (153 ¢cm). The chamber walls are fastened with stiffening ribs. The chamber has a
large thin window of 200 x 35 ¢cm? on its outlet. For the vacuum window an aluminium
alloy of 0.5 mm thick will be used.

The tube of the square cross section and the large flat chamber may be made as
a whole or of two parts connected close to the magnet centre that may facilitate their
manufacturing.

The vacuum volume of the channel placed inside the radiation shield and between
the magnet poles is independent of the rest of vacuum volume and it is pumped with a
separate backing pump to a pressure of 1072 Torr. The vacuum is measured with a Pirani
gauge.

All parts of the secondary particle channel must be manufactured from non-magnetic
material.
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6.3.3 Spectrometer magnet

A magnet of type MNP21 will be used. The magnet parameters are listed in the table.

Interpole gap — 50 cm
Pole width (across the secondary beam) — 153 cm
Pole length — 110 ecm
Magnetic field value — 1.65 T
Parameters of the current source

Current — 2500 A

Voltage — 500 V

Power — 1430 kW
Weight — 110 tons

At the entrance and the outlet of the magnet the magnetic screens are attached to
decrease the spreading magnetic field. Between the floor of the experimental hall and the
magnet a support must be foreseen.

Magnetic field of the magnet will be measured with the standard CERN NMR and

Hall probes with a relative precision of 5 - 107%.

39



Chapter 7

Detectors

The experimental setup is schematically depicted in Figure 6.3. A scintillation hodoscope
and a scintillating fibre detector are placed upstream of the spectrometer magnet. Two
telescopes consisting of drift chambers, scintillation hodoscopes, gas Cherenkov counters
and p-identifiers are located downstream of the magnet. All detectors are described in
detail below.

7.1 Scintillating fibre detector (SciF')

To know the relative momentum of a pion pair one needs to measure the opening angle of
a pair (besides the particle momenta). It may be obtained through the measurement of
the particle coordinates with a scintillating fibre detector placed at 2 m from the target.

7.1.1 General description

The detector is designed on the technical basis recently achieved in fast readout of scin-
tillating fibres (SciF'7) by using position sensitive photomultipliers (PSPM) [AGOR91].
This technique provides a high spatial resolution as well as excellent time characteristics
allowing to endow the device with two important functions: coordinate determination
of the dimesoatomic pairs at high rate and trigger-incorporating “topological” criteria in
real time.

Among several types of PSPMs the present design is based on the so—called “confined
secondary electron” type PSPM having a minimum cross talk (~5%) between adjacent
channels, such as H4140-20 (256 channels) or XP1724 (96 channels).

The mechanical structure is illustrated in Figure 7.1. Each plane, ~10 cm wide, con-
sists of 512 columns of 12 fibres 0.25 mm O(KURARAY CSCF38) aligned perpendicular
to the incident particle direction. The effective thickness is therefore ~3 mm ( 0.7%
radiation length) so that the average number of photoelectrons per hit is > 18. This
guarantees a good detection efficiency close to 100% [AGOR93]. The scintillation light
from each column of 12 fibres is sent to the photocathode of the PSPM through a bundle
of clear fibres (0.25 mm () or a Plexiglas ribbon, the extremity of which is fitted on the
centre of the corresponding PSPM channel (Figure 7.2). A high precision in the lateral
position of SeiF'v columns, of the order of tens microns, can be achieved with the help of a
mounting bench with triangular grooves to hold fibres in position during the construction
of the SeiF'v arrays.
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Figure 7.1: Mechanical structure of high-resolution SeciF'v detector.

The signals from multianodes can be handled with standard electronics consisting of
a series of leading-edge or preferably constant-fraction discriminators arranged in some
logic scheme. However, taking into account the large number of channels needed, we
foresee a custom-made circuit based on the so-called “ORIGINE” IC chips [DITT94] and
further the ORIGINE-base electronics is considered. The circuit was initially designed
for handling anode signals from cross-talk type PSPMs. A version of this circuit for
our experiment is shown in Figure 7.3 and consists of “slope sensitive” adders followed
by ECL comparators which detect the peak position of the amplitudes coming out of
adjacent PSPM anodes. The typical performances of the chips are as follows:

Bandwidth: DC to 250 MHz,
Transit time: <3 ns,

Input dynamic range: min. 30 — max. 160,
Output dynamic range: ~70,

Non-linearity: <2%,

Power dissipation: ~55 mW /anode.

The first samples of ICs and the complete electronic system are presently under ex-
amination at LAPP.

Compared to the standard electronics, the ORIGINE circuit is particularly suited to
this experiment for the following reasons. As seen in Figure 7.4, it delivers only one digital
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Figure 7.2: Mapping of SciF'i columns on the PSPM photocathode.

output per single track by “absorbing” nearby smaller pulses originated from optical,
electronic cross talks or electronic noises. This behaviour greatly simplifies the selection
of double-hit events in real time as described later.

7.1.2 Expected performances

Taking into account the geometric configuration of SeiFis, the statistical fluctuations of
pulse heights according to the Landau distribution and also the peak sensitive nature of
the ORIGINE circuits, we estimated the single- as well as the double-hit resolutions. The
estimation has been done under the following simplified conditions:
1. 7straight stacking” of 12 Sei Fis along the incident particle direction, without taking
in consideration the dead space due to the cladding,

2. neither optical nor electronic cross talk considered inside PSPM,
3. neglecting the cross talk between SciF'i columns due to delta rays.

The single-hit resolution can be estimated from the detection efficiency of a given
channel as a function of the distance of an incident particle from the middle of the channel.
The results are shown in Figure 7.5 for the incident angles ® = 0 and 25 mrad — the
FWHM, ~0.22 mm, is almost independent of ©, but the .., increases from ~ 60 ym
at @ =0 to ~ 70 um at © = 25 mrad due to a higher probability of two adjacent excited
columns.

In a similar way, the double-hit resolution was estimated by plotting the two-hit de-
tection efficiency as a function of the separation of tracks. The results are shown in

Figure 7.6.
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Figure 7.3: Front-end electronics based on the “ORIGINE” ICs.

As one can easily imagine, the efficiency rises from 0 as soon as two hits can excite 3
adjacent SciFi columns — as the probability of having a lower pulse height in the middle
channel becomes non-zero due to statistical fluctuations. Then, the efficiency reaches
100% beyond a separation of the hits greater than the maximum width of two columns.
Two-hit events are thus defined by two fired bins separated by, at least, one vacant bin.
As long as the incident angle is smaller than (fibre diameter)/(column length) ~83 mrad,
this definition of two-hit events is clear and rigorous — in the sense that the number
of fired bins is equal to the number of tracks. The two-hit resolution thus obtained is
320 + 50 pm at © = 0, and 320 + 80 yum at © = 25 mrad.

The time characteristics of the detector are estimated from experimental data on the
PSPM accumulated since several years. Such a type of photomultiplier, incorporating
grid or mesh dynodes has, in general, excellent time characteristics thanks to the quasi-
straight acceleration of electrons, and therefore the short transit time (<10 ns). It stands
intrinsically up to a rate of ~20 MHz/channel without any significant deformation and
overlap of pulses [KUROS8I1]. In practice, we need, however, a summing up of a certain
number of channels — for reasons of simplicity and cost-effectiveness — to provide a
reference time tg, which defines the decision time of hit channels by the numeric filters
(Figure 7.3). Assuming for example a row of 16 channels coupled together for this purpose
and the same rate capacity for each row (16/tube), the counting-rate capacity of the
detector will be ~20 MHzx16 (rows)x2 (tubes) = 640 MHz. This is sufficiently large to
deal with the expected incident flux ~ 2-107s7!. Concerning the time resolution we refer
to a recent measurement on a Sei F'i hodoscope resulting in oy < 0.7 ns [AGOR94].

7.1.3 Topological information in real time

The front-end electronics based on the ORIGINE circuits delivers the digitized hit
position(s) in ~3 ns (+%,, time window for accepting accidental pairs) after arrival of the
anode signals at the inputs. The pattern of the hits can then be handled in “real time”
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Figure 7.4: Peak-sensitive function of the ORIGINE circuits.

by a logic network which defines useful topological criteria for improving the “quality” of
the trigger.

As described in Section 8.4 a suitable cut on the opening angle of 7t 7~ -pairs allows
to reject efficiently the background coming from free pairs, as the dimesonic pairs are
confined in ©® < 3 mrad, while the free pairs extend over ® < 50 mrad. Such a selection
of events can be done by means of a special logic network. In Figure 7.7 there is shown
one of possible realizations of this logic. It consists essentially of multifold linear FAN-INs
summing up the digitized outputs of the ORIGINE circuits. In the first stage, 4 bins of
the digital outputs are “linearly” mixed so that the precision on the upper limit of the
distance d between 7% and 77 is ~1 mm — at 2 m from the target; this corresponds to
AO ~ 0.5 mrad. Six “super”-bins thus defined are then coupled together in the second
stage by shifting adjacent branches by a step of one super-bin, so that any pair with
d < 6 mm can be detected by checking the pulse height of signal coming out of this stage,
any pair of d > 6 mm failing to produce a superposed pulse higher than the standard
pulse-height (800 mV). Also illustrated are some typical examples of events as well as
their signal propagation in the network. Note that the time window for non-correlated
7t and 7~ pairs is defined by the adjustable width of the digital outputs from the last
stage of the ORIGINE circuits.

The detection efficiency of two-hit events defined by such a logic system is shown in
Figure 7.8. The inefficiency around d = 0 comes from the confusion of two-hits inside the
two-hit resolution estimated in the preceding paragraph. As described in Section 8.4 a loss
of good events due to this inefficiency — which is in fact the general problem of tracking
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Figure 7.6: Detection efficiency for double-hit events.

detectors with finite resolution — can be mostly recovered (as discussed in Section 8.4)
if the SciFiv detector delivers also a tagging signal for single-hit events in real time. This
is the second task (not reflected in Figure 7.7) for the logic network.

The whole logic network may be realized in a special fast processor based on commer-
cially available 1Cs. It receives the signals from digital outputs of ORIGINE circuits and
may produce two types of positive decisions for (1) close double-hit (d < 6 mm) or (2)
single-hit events. The transit time of the processor is about 10 ns, an additional dead
time is not involved.

Another approach is development of such network in ASIC. There is no need of any
new technology for this aim. The transit time in this case would be the same but the
electronics to be well much compact.
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7.2 Forward scintillation hodoscope (FSH) for the
double energy loss measurement

7.2.1 General description

The distinctive property of atomic pion pairs is the passing of two charged pions at rather
small relative distance while they are detected before the magnet. This causes double
energy release by ionization in a small sensitive volume of the detector comparing to the
ionization loss by a single pion. It is essential that the double energy loss can be measured
regardless of whether the tracks are resolved in space or not. Therefore, the uncertainties
resulting from the inefficiency for detecting two tracks with relative distance approaching
to zero, can be excluded.

In addition, good time properties of the F'SH and its, though rather limited, space
resolution make possible to use coordinate information from the hodoscope at the trigger
stage.

The hodoscope will be placed at 2 m distance from the target at the position shown
in Figure 6.3 as “the coordinate detectors”. It consists of one layer set of polystyrene
scintillator strips assembled together to overlap a sensitive area of size 10 x 10 cm? de-
fined by the angular acceptance of the spectrometer. For this geometry the pions from
the atomic pairs are distributed within the area of about 6 mm diameter. If the width
of the scintillator strip is taken equal 6 mm then most of the atomic pairs will cross a
single strip and the rest will cross a pair of neighbour strips. Therefore, the events of
interest should be selected by the criterion of the double energy release in a single strip
or in a pair of neighbour strips. All other pion pairs are widely spread over the total area
of the hodoscope and so give rise to single ionization loss signals. We intend to use only
a set of vertically arranged strips, selecting the pairs with a small relative distance in the
horizontal projection. (Rejection of pairs with large distances in the vertical projection is
provided by the scintillation hodoscope H H behind the magnet.)

The device realized in this way will perform the next main tasks:

1. To select the pion pairs with small distance in horizontal projection by double
ionization cut. This information is used for producing the fast trigger signal (second
level trigger, see Section 8.4).

2. To select the pion pairs with small relative longitudinal momenta using joint infor-
mation on the direction of the total momentum of the pion pair and the coordinate
information in the detectors after the magnet. This is achieved by the fast processor
(third level trigger, Section 8.5) operating with the ordinal numbers of the F\SH hit
elements and of the coordinate detectors in both arms of the spectrometer.

Note that accidental pairs, detected within 20 ns resolution time of the fast trigger
coincidence scheme, are subject to selection just in the same way as for real coinciding
pairs. It is achieved owing to dedicated scheme of amplitude discrimination of signals.

The forward scintillation hodoscope will be used also to improve the pion identification
by means of time of flight measurement at the distance between F'SH and scintillation
hodoscopes downstream of the magnet. FSH may be useful to suppress background
arising from particle decays before the magnet, from interactions in the channel walls and
from particles coming from outside of the channel.
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7.2.2 Design of the FF'SH

The plastic strips, made of fast and efficient scintillator (NE104, NE111A, Pilot U) have
dimensions: vertical length 10 ¢m, width 6.25 mm and thickness along the pions path
3 mm. They are assembled to form a plane of dimensions 10 x 10 ¢cm? placed normal to
the axis of the setup. The strips are separated each other by thin films and connected with
the PM cathodes by polystyrene (or fibreglass) light guides of about 15 ¢cm long. Light is
guided through the top end of the strips so that PMs are most removed from the primary
proton beam. Hamamatsu R647 PMs with 10 mm @ photocathode and 15 mm ) total
width are arranged into space-saving two-layer set of 16 units with a total size (including
the magnetic shield) of 14 x 12 x 5 cm®. The use of a separate photomultiplier tube for
each element allows a fine and flexible tuning of the system and completely eliminates the
problem of cross-talk between the channels.

The RMS angle of multiple scattering in the strip material is rather small: 0.91 mrad
for P = 1 GeV/c and 0.30 mrad for P, = 3.0 GeV/c. This is still smaller than a full
opening angle of the atomic pairs (about 2.5 mrad) and does not deteriorate essentially
the total angular resolution of the setup.

The electronic scheme of the device should provide:

1. Amplitude discrimination of the summed signals coming from pairs of neighbour
channels. (It will be done for the charge produced by integrating the signal current
during the 20 ns time interval. This provides the discrimination level independent
on the time interval between the signals of two pions and therefore the same regis-
tration efficiency for all pion pairs — real or accidental.)

2. Shaping of signals in the channels where double energy loss occurred. (It should be
done by constant fraction discriminators. These signals will be used to measure the
hit times in the detector.)

3. Working out the double energy loss analog signals for the ADCs.

4. Formation of the ordinal numbers of the hit strips with “double energy loss” and of
all strips where single particles were detected within the time interval determined
by the “double energy loss” signal arrival.

The scheme with these functions should be developed as dedicated CAMAC unit.

7.2.3 Simulation of the device performance

Simulation of energy loss was done using the GEANT code under the next conditions:
strip material — polystyrene scintillator; pion momentum range 1.8-3.0 GeV/¢; normal
hit of pions at the strip surface. Fluctuation of the ionization losses and energy loss of the
secondary particles were taken into account. Thickness D; of the strips was taken equal
to 0.5, 1.0, 3.0 and 6.0 mm.

The energy loss distribution ¢ (AF) for one pion and ¢3(AF) for two pions traversing
the strip are shown in Figure 7.9a (for the D; = 3 mm case). Conversion of the energy
loss AFE into photoelectron emission in the photomultiplier tube was calculated at usual
assumptions (e.g. [REVI94]). The light attenuation in the 10 c¢m long scintillator and
15 cm light guide was neglected. The number of photoelectrons n corresponding to the
calculated average number n was considered as governed by the Poisson distribution. The
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light collection nonhomogeneity along the strip length was neglected owing to a possibility
to minimize it by the appropriate small variation of the strip thickness D; along its length.

The resulting distributions fi(n), f2(n) of the photoelectron number are shown in Fig-
ure 7.9b. The relevant integral distributions are given in Figure 7.9c. One can choose
from them the optimum value of the threshold that ensures a high efficiency of double
pion detection at rather low single pion admixture.

Dependence of the efficiency &1 (at e2 = 95%) on the strip thickness D; is presented in
Figure 7.10. It is seen that the strips of 1.5-3.0 mm width guarantee rejection of the single
pion events at a level of about 10%. Then the probability to produce the double ionization
signal by at least one of pions from the pair crossing two strips, that are not neighbour,
is 20% and hence the rejection factor for such pion pairs is about R = 1/2e; ~ 5. The
rejection factors of the device operating in the full trigger system, including the selection
by relative longitudinal momenta of the pairs, are presented below in the Chapter 11.

The rejection efficiency of the F'SH can be improved, as known for a long time
[AKIM60], by using the multiple amplitude discrimination (in scintillators placed in se-
ries). It can be done in the F'SH with two or three layers of scintillator while conserving
its total thickness.
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7.3 Drift chambers (DC)

7.3.1 General

The drift chamber system (DC'1—D(C4) is used to provide charge particle tracking through
the spectrometer (see Figure 6.3).
The drift chambers contain the following sets of coordinate planes:

DC1 — X7 Y7 W7 X7 Y7 W7
DC2 — X,V
DC3 — X,

?

DC4 — X, Y, X, Y.

As the accuracy of track reconstruction at a certain coordinate accuracy of the cham-
bers is determined, in general, by the distance between the extreme measured points on
the track, the DC1 and DC4 chambers have two coordinate planes in each projection.

The W-planes with inclined anode wires in DC'1 are provided for rejecting false com-
binations of X and Y coordinates during track reconstruction at passing of a few particles
through the chambers. The angle between the wires in the W - and X - planes is 11.3°.

7.3.2 Chamber electrodes

A schematic drawing of chamber cells is shown in Figure 7.11. The cathodes are made
of carbon-coated Mylar foil of 20um thick. Surface resistivity of the coating equals about
400 Ohm per cm?. The gap between the cathode electrodes equals 10 mm.
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i |
10 ®

Figure 7.11: Schematic view of wire chamber electrodes.

The signal plane placed in the middle of the gap consists of an alternating set of anode
and potential wires. The wire material is copper-beryllium. The diameter of an anode
wire is 50pum and that of a potential wire is 100um. The distance between the anode and
potential wires equals 5 mm.

So an elementary drift chamber cell has a ”square” (10 x 10 mm?) shape with an
anode wire placed in its center. As was shown in [DAVYS86], this geometry is optimum to
provide minimum size of the region of drift characteristic nonlinearity near the potential
wire.
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7.3.3 Chamber construction

A sketch of the DC2 chamber and its cross section are shown in Figure 7.12. The chamber
has a sensitive area 80 x 40 cm? and consists of two coordinate planes: an X-plane with
wires directed along the short chamber side and an Y-plane with wires directed along the
long chamber side.
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Figure 7.12: Construction of DC2 chamber.

As seen in this figure, the chamber is a stack of frames. The frame thickness is 5 mm.
One group of frames is made of fibreglass strips glued together. One side of the frame
has printed electrodes to solder the anode and potential wires, and the opposite side has
a printed electrode to fix the cathode foil by conductive glue.

There are aluminium frames placed between the fibreglass frames. The aluminium
frames fix the gap between a signal plane on one fibreglass frame and a cathode plane
on another. The rubber cord glued along the inner edge of the aluminium frame is for
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gas isolation of the chamber. The Mylar windows of 50 ym thick are fixed on the outer
aluminium frames.

The construction of the DC'3 and DC'4 chambers is similar to DC2. The DC'3 cham-
ber, like DC2, has one X- and one Y- coordinate planes. Its sensitive area is 112 x 40 cm?.
The DC4 chamber has two X- and two Y-coordinate planes. The wires in the planes of
the same name have 5 mm shift to one another to simplify deciding of the left-right
ambiguity pecular to drift chambers. The size of the D(4 sensitive area is 128 x 40 cm?.
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Figure 7.13: Construction of DC'1 chamber.

The DC1 construction differs from the one shown in Figure 7.12. It especially relates
to the chamber electrodes, which is illustrated by Figure 7.13. As can be seen in this
figure, the electrodes are separated into two independent 80 x 40 cm? groups, placed
symmetrically to the axis going through the center of frames. The zone 32 cm in width
between these groups is insensitive to particle passage. Both the left and the right parts
of the chamber have two X- , two Y- and two W- coordinate planes. The wires in the
planes of the same name have 5 mm shift to one another like in the DC'4 chamber.

7.3.4 Readout electronics

An electronic channel consists of an amplifier-discriminator and time-to-digital converter
(TDC). The 16-channel amplifier boards are mounted on the chamber planes and TDCs
are placed close to the drift chambers. Minimal threshold of the amplifier is 1 gA. The
TDC boards will be based on 4-channel ultra-fast memory chip. The bin width is 5 ns
which corresponds to 250 pym at the drift velocity 50 mm/us.

Full description of readout electronics is given in Section 8.7.1.

7.3.5 Summary

General parameters of the drift chamber system:
e number of chamber blocks — 7;

e number of signal planes — 28;
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number of electronic channels ~~ 2000;

e maximum drift time ~ 100ns;

e thickness of chamber block ~ 11072 L, q;

e coordinate resolution — ¢ < 200pm.

7.4 Scintillation hodoscopes (HH, HV)

In order to perform the fast coincidence between two spectrometer arms for the first level
trigger, as well as the selection of two particles for the higher level trigger, a couple of
scintillation hodoscopes HH and V H will be installed in each arm. The sensitive area
extends over 1300 mm(H) x 400(V) mm?

One of the planes HH consists of 16 horizontally aligned scintillator slabs 1300 mm
long 25 x 25 mm? in cross-section. High time resolution of this hodoscope is crucial, as
a large bulk of detected events comes from accidental coincidence between the two arms.
In addition, backgrounds such as #~p, 7t K~ or 7~ K™ will also be partly suppressed by
the precise timing constraint. Each scintillator is viewed by two photomultipliers from
both ends and the signals are sent to a mean-timer so as to compensate the time fluctu-
ation coming from different hit positions in the slab length. From previous experiment
[AFAN93B] where two hodoscopes each of 8 slabs 1.4 m long were used, a time resolution
of ~200 ps can be expected in this way for the currently proposed experiment. The choice
of the photomultiplier type is oriented towards fast and compact (small diameter) tube
such as Philips XP1911(© 19.2 mm), Hamamatsu R1450(¢) 18.6 mm) or the Russian tube
FEU-175(0 22 mm).

Due to low relative momentum of 7 and 7=, in c.m.s., coming from the dimesoatom
break-up and to the fact that the magnetic field does not deflect particles in the vertical
direction, the pions in both arms have almost equal vertical coordinates. So only elements
with equal or adjacent numbers in H H; and H H; will be hit. The selection of such events
will be done at the first level trigger (see section 8.3). Taking into account the relative
momentum of 7+ and 7~ and the multiple scattering, the optimum width of the element
is estimated to be 20-25 mm and the value 25 mm has been chosen.

The probability of two hits within the same scintillator element, that leads to a wrong
measurement of time, is nearly 3% under the realistic beam conditions (see chapter 11).

Another plane V' H is dedicated to realize the selection (in couple with F'SH ) of low Qp,
and @) x events at the third level trigger and to help in sorting out and analysing of multi-
track events. It consists of 24 scintillator slabs, 56 mm wide, 400 mm high and 25 mm
thick, all aligned in the vertical direction. Each slab is viewed by two photomultipliers of
2 inch diameter, such as XP2020, R1828 or FEU-143.

For all hodoscope elements the time and amplitude information will be recorded
through TDCs and ADCs, and used in off-line analysis. Materials needed are listed
in Table 7.1.
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Table 7.1: Summary data on hodoscopes

HH VH

Scintillators 32 48
1300 x 25 x 25mm? | 400 x 56 x 25 mm?

Photomultipliers 64 96

Mean-timers 32 48

TDC channels 32 48

ADC channels 64 96

7.5 Cherenkov counters

Threshold gas Cherenkov counters are used for suppression of triggers from electrons
at statistics runs and for calibrations with electrons (see chapter 13). The efficiency of
counters must be more 99% for electrons and as low as possible for other particles.

The area of the entrance window is 1400 x 420 mm? (width x height). The angular
aperture is £11° in horizontal plane, the mean incident angle depending on horizontal
coordinate. The angular divergency in the vertical plane is much lower (£1.5°) and is
defined by the distance from the target and the vertical size of the window.

The counter has 3 m long air radiator at atmospheric pressure. The Cherenkov light is
reflected by parabolic (or maybe spherical) mirrors onto a set of photomultipliers provided
with light collection cones. The area of the exit window which has to be covered by mirrors
is 2.8 x 0.75m?. The number of photomultipliers, the shape, number and dimensions of
the mirrors will be obtained after detailed calculations of the light collection system. Now
it seems reasonable to use about 6 photomultipliers per one counter.

The light collection from a large surface at rather large angular spread is the main
difficulty in developing these counters. But likewise problems have been successfully
resolved in other experiments. In particular, in Protvino experiment [AFAN93A] the
freon-12 filled 1.5 m long Cherenkov counters [GORC84] were used to detect electrons
spread over 1.0 x 0.5m? entrance surface in +10° angular range. The light was collected
onto 2 photomultipliers FEU-49 by 2 parabolic-like mirrors, each of 0.75 x 0.6 m%. The
mirrors were produced in the laboratory workshop from epoxy resin and then were coated
by evaporated Al. The counter signal corresponded to 5 photoelectrons per incident
electron.

In the present case we are going to use high quantum efficiency quartz window pho-
tomultipliers of a large diameter (like XP2041Q or R1250). The mirrors could be done
with higher quality, too. Then assuming a light collection efficiency equal to 0.5 and
integrating the photocathode sensitivity [PHIL89] over the Cherenkov photon spectrum
one can calculate the number of photoelectrons being 19 for XP2041Q or 12 for usual
glass window XP2041 at 3 m long air radiator.

Other gases have been considered also as possible radiators. Freon-12 produces 3.7
times more Cherenkov photons than an air radiator does. So the counter length could
be less. But the threshold of Cherenkov radiation in freon-12 is 3.0 GeV /¢ for pions and
2.2 GeV /e for muons, so these particles may be detected in the high momentum region of
the spectrometer range (up to 4.5 GeV/c) that would lead to loss of events. Besides, the
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gain in decreasing of dimensions is not proportional to the growth of the Cherenkov photon
output: the length of the counter may be 2-2.5 times less, but the lateral dimensions will
be shortened by 30% only. One has also to make a hermetic radiator volume and take care
of a gas filling system that should prevent freon from blowing out into the atmosphere. In
addition the larger Cherenkov cone makes light collection some more complicated. Taking
into account all positive and negative factors we prefer to use air as a radiator.

Another option is to use CO,. With this radiator the Cherenkov photon output is 40%
larger than with air. The only disadvantage in this case is the necessity of hermeticity of
the gas volume. A gas filling system is also needed but very simple.

The Cherenkov counters are the main detectors to identify electrons in this setup.
But if their efficiency is not sufficient to obtain as large rejection factor of electrons as
needed, each telescope will be supplemented with a simple shower detector consisting of
a Pb sheet of several radiation lengths followed by a plane of scintillation counters. This
shower detector could be placed between the Cherenkov counter and the iron absorber.

7.6 Muon detectors

An array of scintillation counters will be placed behind each iron absorber to identify
muons. The absorber has a variable thickness from 0.6 to 1.2 m corresponding to the
lower and upper limits of the momentum range.

Taking into account the divergence of particle trajectories and the scattering of muons,
the size of the detector is 3.6 x 0.75 m? The full area may consist of, for example,
8 scintillator slabs of 45 x 75 c¢cm?, each viewed by two photomultipliers at both ends
through Plexiglas light guides with the “adiabatic” light-transmission.

7.7 Monitor counters

To monitor the secondary beam intensity a small scintillation counter telescope combined
with Pb converter will be installed on the spectrometer axis downstream of the muon
detector. The counter detects photons coming from the target. This photon counter is
preferable to charged particle monitors as the counting rate is proportional to the number
of interactions only, and does not depend on magnetic field environment.

The counts are integrated during the time between trigger signals, and recorded event
by event together with the main content of each event. This information will be used
off-line to count the total number of interactions as well as to exclude the events recorded
under abnormal beam conditions.

7.8 Microstrip gas chamber (MSGC)

In addition to the scintillating fibre detector (SeiF'i described in Section 7.1) we intend
to use a microstrip gas chamber (M SGC). This 10x10 cm? device can be placed at a
distance between 10 to 20 cm downstream of the Sei Fa.

The main purpose of this detector is to provide a direct measurement of the slope of
incoming charged tracks before they enter the magnet, independent of the knowledge of
the beam position. In addition the MSGC will provide:
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e some redundancy in the first lever arm of the spectrometer;

e improvement in the alignment procedures of the general detector;

linear pattern recognition algorithms;

improved momentum resolution of charged particles.

The technical characteristics of the MSGC are presented below in Appendix E together
with its general description and expected performances.

To get a good estimate of the error obtained in the measurement of the momentum,
we have to know the variance-covariance matrix due to both multiple scattering and hit
measurements and evaluate its elements inside the magnetic field region. Without entering
in technical details of the resolution of the corresponding set of linearized equations, one
can say that introducing the MSGC detector leads to roughly divided by a factor of 1.5
the sigma of the angular deviation of any trajectory in the magnet. This factor has been
computed for a 20 cm separation between the two detectors (SciF'i and MSGC).

We therefore are confident that using such a M SGC' located at a few tenth of a meter
downstream of the SeciF'i will ensure a noticeable gain in precision without perturbing
the quality of our general setup and that such a gain can be obtained for a reasonable
investment. In particular, we have to emphazise that this type of detector is the most
transparent we may imagine to use in addition to the main devices already discussed in
this proposal.
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Chapter 8

Trigger scheme and data acquisition
system

8.1 General description of trigger

To suppress the high rate of background events a multilevel trigger is used (Figure 8.1).
The first level trigger signal is formed by coincidences of the two arms of the magnetic
spectrometer:

(VH-HH-C-8,),-(VH-HH -C-5,), (8.1)

Here VH and HH denote the scintillation hodoscopes with vertically and horizontally
oriented slabs, ' is the threshold Cherenkov counter for rejection of electrons, S, is the
scintillation counters behind the iron absorber for rejection of muons (muon counters).
The resolution time of coincidences is chosen to be 20 ns because it is necessary to ensure
accumulation of enough accidental pion pairs which are used to simulate the free pion
pair distribution.

The elements of HHy and H H, are included into the first level trigger in a special way
that takes into account specific features of the dimesoatom breakup to suppress back-
ground. As the opening angle of pions from atomic pairs is very small and is hardly
affected in the vertical plane by passing through the magnet, the two pion tracks are
equally inclined with respect to the median magnetic field plane. This leads to close ver-
tical coordinates of tracks in the hodoscopes. The logic of the first level trigger is arranged
in such a way that a coincidence occurs only for those events in which the difference of
hit slabs in HH, and HH;, is < 1. For the chosen width of slabs this condition does not
cause losses of atomic pairs.

At the second stage the information from detectors placed upstream of the magnet
is added. This includes a topological criterion, based on the opening angle, from the
scintillating fibre detector SeiFi as well as a double ionization loss criterion from the for-
ward scintillation hodoscope F'SH. The topological criterion selects events characterized
by low relative momentum in a particle pair. The ionization criterion demands double
ionization within a single or two adjacent strips of the detector. Both devices produce
their decision in real time.

Two hardware processors that handle the data from detectors downstream of the mag-
net (and from F.SH in one case) provide further suppression of background at the third
level of the trigger. They exploit the same feature of smallness of relative momentum

59



HH\VH, C; S,n HH,VH; Cy S,

& &
[ l

SciF FSH

AU < ] ‘ ‘

Topological Double
criterion ionization
Az(Ay) < d criterion

¢ | |

Trigger 1

Trigger 2
VH, VHy FSH
\ \ \

H processor

QX7QL < QgﬁQ%

Trigger 3

DCy DCy
\ \
DC

processor

QX7QL < Q{)X7Q%
Trigger 4

Figure 8.1: Scheme of trigger.

for useful events through the test of kinematical limitations inherent in the process under
study. Due to the separation of positive and negative particles after the magnet and to a
lower track multiplicity in the restricted momentum acceptance region compared with the
upstream detectors, these processors produce additional rejection of background events.

The first processor (hodoscope processor H P) receives the signals from hodoscopes
VH,, VHy and FSH. As the positive and negative pions from atomic pairs have almost
equal laboratory momenta, the numbers of hit elements in V H; and V H; are correlated.
The table of permitted combinations changes with the X-coordinate of a pair as mea-
sured by the F'SH. The HP checks if the combination of hits is allowed and so performs
a fast preliminary selection of events by ()7, and () x values. The positive decision of this
processor produces the third level trigger signal.

The second processor (drift chamber processor DC'P) handles the numbers of hit DC
wires in order to reconstruct tracks in the X-plane. It selects more precisely the pion
pairs by the values of the Qx and (Q; components of the relative particle momentum.
The positive decision of the DC'P defines the final, fourth level trigger.

A more detailed description of all trigger stages is given below in this chapter. The
background rejection performance of the processors depends on the beam intensity and
is given in Chapter 11.
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8.2 Front-end electronics for scintillation and
Cherenkov detectors

The same electronics will be used for scintillation hodoscopes both with vertically and
horizontally oriented slabs and for muon counters.

Signals of photomultipliers looking at opposite sides of slabs go to a module containing
constant fraction discriminators (CFD) and mean timers (MT). About 20 CFDs and 10
MTs will be placed in one CAMAC module of double width. CAMAC crates with these
modules will be placed near the detectors. Thresholds and zero detector levels of CFDs
may be changed remotely and recorded.

Outputs of these modules are connected to the inputs of the fast trigger and to time-
to-digital converters (TDC) after suitable delays.

The signals of all PMs of each Cherenkov counter are linearly summed in a CAMAC
module and arrive at discriminators producing the signals of Cherenkov counters as a
whole. Discriminators may be of constant fraction or leading edge type.

8.3 First level trigger (fast trigger)

To form a fast trigger we intend to use units that allow different kinds of trigger in
one spill. For example, besides pion triggers the electron-positron pairs may be stored for
calibration.

Signals of detectors of each spectrometer arm come to programmable modules which
form the telescope signals T'1 and 7'2. To detect different particles the signals of detectors
may be combined in different ways:

T(r) = VH-HH-C-S, (
T(e) = VH-HH-C-S, (
T(u) = VH-HH-T-S,.

Some control signals may also be included in the process of fast trigger forming for some
tuning measurements. Combining the telescope signals one obtains the resulting fast
trigger signals.

The universal logic modules LeCroy CAMAC Model 2366 may be used for fast trigger.
In the first level trigger the selection of events that have a difference < 1 between the
numbers of hit slabs in H H; and H H, will be also realized with these modules. For this
purpose a signal from any H H; element with the number n is checked to coincide with the
"OR” signal of the H H, elements with the numbers n — 1, n and n + 1. All coincidence
circuits (16 units, equal to the number of slabs in H Hy) are "OR”’ed and the resulting
signal gets to coincidences with other detectors.

In order to prevent fast trigger generation during data processing dead time the logic
modules have an ”Inhibit” input.

8.4 Second level trigger (upstream detectors)

Trigger 2 signal is worked out if Trigger 1 is accompanied by a positive decision of SciF'

and F'SH logic.
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As described in Section 7.1, the logic network of SciFi is able to provide in real time
the tagging signal for those events where two or more hits are detected with at least one
pair with a distance between fired fibres smaller than some preset value. For pion pairs
from dimesoatom breakup the maximum distance between particles at the Sci Fu position
is 6 mm. Imposing this criterion (type 1 positive decision) in both coordinate planes
could lead to a large background rejection. But this simple cut alone cannot be applied
as a noticeable part of dimesoatoms would be lost due to the finite two-hit resolution of
SciFi. As a result, two unresolved hits are detected as a single-particle hit. The losses
are about 10% for breakup from 1S state and even more and, that is essential, unknown
for higher states. So we need to eliminate or to measure accurately these losses.

To keep a major part of unresolved pairs the logic network of SciFv will also produce
a tagging signal if only one hit is detected in the whole plane (type 2 positive decision).
In this case only those unresolved dimesoatom pairs are lost that are accompanied by a
third, accidental or not, particle that is at a distance larger than 6 mm. The lost fraction,
about 30% of unresolved pairs, can be determined precisely during off-line data analysis
by comparison of the numbers of two- and three-particle events detected by a type 1 pos-
itive decision as just the same relation is valid for type 2 events. To make this feasible,
the record of any event must contain the indication of the decision type.

Note that type 2 decision arises both for unresolved pairs and for any single-particle
hit in SeiFi. The high rate of single-particle signals somehow decreases firstly after the
double ionization cut imposed in F'SH. Finally those type 2 events, that are initiated by
single particles, are eliminated after coincidences with the two telescope branches requiring
at least two particles to be found downstream of the magnet. The rest events of type 2
are unresolved pairs which are processed further together with type 1 events. All selected
in this manner pairs have a distance less 6 mm between particles. So the addition of the
single hit detection does not decrease rejection power of SciFi for Trigger 1 events, but
let one to utilize the most of unresolved pairs.

The trigger logic of SciF1 is seen in Figure 8.2 where the whole logic of Trigger 2 is
shown.

The electronics of the scintillation hodoscope F\SH placed near SciF'i gives a trigger if
the amplitude in one or two adjacent strips exceeds the threshold set for double ionization
detection. The amplitude is integrated in the resolution time of coincidences (20 ns) to
ensure adequate conditions for detection of real and accidental pairs.

The coincidence of SeiFi and F.SH positive decisions with Trigger 1 produces the
Trigger 2 signal.

8.5 Third level trigger (H P processor)

The processor H P analyzes the numbers of the hit elements in hodoscopes V Hy, V H,
and F'SH. It has a fast memory containing a set of look-up tables, one for each of the
16 scintillators in the F'SH. Each table contains all allowed combinations of hit elements
in VH; and V H; for a given F'SH channel. The processor looks into the corresponding
table and checks if the detected combination is an allowed one. The decision time of the
H P will be about 100 ns.

If the H P produces its positive decision then a further processing of data is performed.
Otherwise, a "RESET” signal is generated.
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8.6 Forth level trigger (DC processor)

A special hardware processor (DC P) selects events that satisfy the following criteria for
the components of the relative momentum ) in the center of mass system:

|Qn] < 30 MeV/e (8.5)
0.] < 3 MeV/e (8.6)

All pion pairs coming from dimesoatom ionization are within these ranges of (J;, and Qx.
In the lab system these conditions correspond to limitations on the difference between the
two pion momenta (8.5) and on the X-coordinate difference before the magnet (8.6).

8.6.1 Selection of the algorithm. Simulations.

Each spectrometer arm contains 6 X-planes of drift chambers combined into 4 stacks (see
section 7.3). The tangent of the angle 8, between the track projection on the X Z-plane
and the Z-axis of the setup as well as the X-coordinate of a track in the first plane of the
drift chambers are the initial values for calculation of the momentum and of the emission
angle of a particle from the target.

To find track parameters we define a straight line by the hit wires in planes 1 and 6,
considering it as the track of a particle (edge track points algorithm).
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Table 8.1 shows the values of RMS (¢) and maximum errors (5) in measuring the X-
coordinate in the first plane and the tangent of 6, for track edge points and y? algorithms:

Table 8.1: Precision of track reconstruction

Ty Sz‘ Ttanb, Stanﬁz
x? 1.86 | 5.5 | 2.4-1073 9-1073
Track edge points | 2.88 | 5.0 [ 3.4-10=% | 10 - 1073

The losses of useful events in the on-line phase of the analysis should be minimal, so
we must apply our criteria under the assumption of maximal errors. Table 8.1 shows that
the x? algorithm (which is obviously more complicated to implement in hardware) does
not give a significantly better performance.

A simulation has been performed in order to estimate the efficiency of the track edge
points algorithm. We generated 20,000 events with one track in each spectrometer arm.
Pair of numbers N; and Ng(numbers of hit wires in the first and the 6-th planes of the
drift chambers) formed an address which was used to extract the track parameters from
the look-up table. Each table entry contained the limits p,.;, and p,... for momentum
and the limits sin a,,,;, and sin a,,,, for the sine of the angle between the Z-axis of the
setup and the track projection on the X Z-plane before the magnet. Events were rejected
if any of the following conditions was not fulfilled:

Pmazy, — Pming > 0 (8'7>
Pmazy — Pming > 0
SIN gz, — SN Qpin, > 0 (8.8)

SIN gz, — SIN Qpin, >

Here subscripts 1 and 2 correspond to the parameters of the tracks found in the first and
the second spectrometer arms. The values of the limits for track parameters in the table
have been calculated in such a way that the result of applying criteria (8.7) and (8.8) was

equivalent to (8.5) and (8.6).
No useful events have been lost during the test of the algorithm with simulated events.

8.6.2 Possible hardware implementation of the D(C-processor

The work of the DC-processor can be divided into two stages. In the first one, two
identical devices (track finders) find tracks in each spectrometer arm. In the second
stage, conditions (8.7) and (8.8) are checked for all pairs of tracks which have been found.

In the first stage, taking into account the efficiency of the drift chambers, we accept
tracks if hit wires are present in at least four DC' planes and if in the first as well as in the
last stack of planes there is at least one hit wire. So we must then consider the following
combinations of the base planes: 1 and 5; 1 and 6; 2 and 5; 2 and 6.

For each combination all possible pairs of hit wires are used as addresses in the table
that contains digital windows for wire numbers which can be hit in intermediate planes.
We accept a track if at least two intermediate planes contain hit wires in these windows.

64



With such an approach, in the case of a particle hitting wires in all 6 planes we shall
find four tracks; 3 of them are subsets of the track found for the 1-st and 6-th DC' planes.
We ascribe an identifier to each track that describes track contents. The comparison of
identifiers of tracks, traced through different numbers of planes allows rejection of such
subsets.

The estimated amount of memory for a hardware implementation of such a track finder
is 300-350 KBytes for each spectrometer arm.

In the second stage (if at least one track was found in each spectrometer arm), we
apply criteria (8.7) and (8.8) for all pairs of tracks in the two arms. A positive decision
(the forth level trigger signal) is generated if the processor finds a pair satisfying the given
criteria.

There are two possible ways of developing a hardware processor for the second stage.
The first one assumes the extraction of values pin, Pmaz, SIN i, and sin q,,q, corre-
sponding to a track from the look-up tables and the testing of conditions (8.7) and (8.8).
The second assumes that we enumerate all possible tracks coming from the target. A
simulation shows that there are 6000 possible tracks for one spectrometer arm. Pairs of
track numbers in the two arms are then used as a 26-bit address for lookup in a 64 Mbit
table. If the address cell of this table contains 1 (flag of positive decision) it means that
the pair satisfies criteria (8.7) and (8.8).

The choice between these two methods has not been done yet. In any case, the total
time of decision will be 1 us if each arm contains one track, and 3 us if there are two tracks
in each arm.

8.7 Data acquisition system.

The data acquisition system consists of five subsystems: drift chamber readout sys-
tem; ADC and high resolution TDC system; readout electronics of the SeiF'i detector;
fast processors for rejection of bad events and a VME-based system for data collection,
processing and recording.

During a spill the data from the detectors are recorded in readout subsystems and
collected in buffer memories (see Figure 8.5). Within the interval between spills the data
are processed by VME processors and transferred to tape and to the host computer.
All readout subsystems transfer data to the buffer memories in parallel. This allows to
reduce the dead time of the setup. All second level Trigger 2 (T2) events are recorded in
all subsystems simultaneously and all fourth level Trigger 4 (T4) events are transferred
to the buffer memories in a parallel manner. Below, each subsystem is shortly described.

8.7.1 Drift chamber readout system.

The system (Figure 8.3) consists of amplifiers (B), time-to-digital convertors (TDC),
bus drivers (BD), and buffer memories (FIFO). The amplifier boards are placed imme-
diately on the signal planes of the drift chambers and TDC units are placed on special
mother boards closely to the drift chambers (Figure 8.4).

The TDC boards are linked by a data bus (32 bits) which is attached (via the bus
driver) to the FIFO. In each telescope all Y and W signal planes are linked by the only
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Figure 8.3: Scheme of the drift chamber readout system and processor.
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Figure 8.4: The placement of the amplifiers and TDCs

data bus, but X signal planes have individual data buses. This allows to reduce the access
time to the hit wires in X planes what is needed to obtain the decision of the DC'P in a
shorter time.

The 16-channel amplifier board B (Figure 8.3a) contains 16 amplifiers and discrim-
inators PA. Output digital signals are transferred to the TDC units via the twisted
pair flat cables (FC). The TDC unit is based on circular memory RAM of 16x256 bits
(CY100E422). During the write phase the hits are recorded in memory cells with a fre-
quency of 200 MHz. The second level Trigger 2 changes the write mode into a conversion
mode. During this conversion phase the memory address counter is incremented and
contents of memory cells are passed to the leading edge detector LE. Only cells that cor-
respond to the drift chamber gate are read out. Each time when the LE detects a hit
the address of the memory cell is loaded into FIFO1 (Figure 8.3a). After the conversion
phase, FIFO1 stores the numbers of memory cells in which the leading edges of hit wires
are recorded. After data conversion the bus drivers (Figure 8.3b) start the data readout.
During readout FIFO1 is decremented and the hit patterns (16 bits) along with number
of the corresponding memory cell are transferred to the FIFOs. Note that only valid data
words are transferred to the FIFOs. The data format of the drift chamber data bus is
shown below:

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 ... 1 0
M2 M1 S7 S6 S5 S4 53 52 S1 SO P2 P1 Po B2 Bl Bo X ... X X
M2 M1 T7 Té T5 T4 T3 T2 T1 TO0 P2 P1 P0 B2 B1 B0 HIT PATTERNS

where M = marker, S = memory address at Trigger 2, T = memory addresses in which
the leading edges were detected, P = number of the signal plane, B = board number in
the plane, X = do not care. The drift time is calculated as t; = (7' — S5) - 5 ns.

After the transfer of the X coordinates to the FIFOs (Figure 8.3b) the drift cham-
ber processor DC' P handles these to check the event. If the event is accepted, data
from the FIFOs and all other subsystems are loaded to the VME buffer memories (Fig-
ure 8.3b,YES), otherwise the recorded event is discarded (NO).
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8.7.2 ADC and TDC system.

To convert and read out data from the scintillation hodoscopes, Cherenkov counters
and the SciF'i detector (if necessary) we intend to use FERA ADC and FERA TDC
systems from LeCroy (models 4300B and 4303). ADCs and TDCs are gated by Trigger 2
and cleared by a NO decision (Figure 8.5).

8.7.3 Readout system for the SciF'i detector.

The system is based on circular memories (similar as RAM in TDC for drift chamber,
Figure 8.3a). During the write phase the memory address counter is clocked with a
frequency of 200 MHz and the numbers of fired fibres are recorded in the memory cells.
The second level trigger (T2) changes the write phase to the read one. In the read phase
the memory cells which correspond to the fibre detector gate are selected. For the fourth
level trigger (T4) events the data from these memory cells are transferred into buffer
memory (BUFT7). This scheme allows to eliminate delay lines and read out data of the
SciF1 detector in parallel with other subsystems.

8.7.4 Fast processors.

To reject bad events two fast processors will be used in the setup. The first one, the
hodoscope processor H P (see Section 8.5 and Figure 8.5), is started by the second level
Trigger 2.

After 100 ns (decision time) either the recorded event is discarded or a third level
Trigger 3 (T3) signal is issued (if the event is accepted).

The second processor, DC P, handles hit wires of the DC (Section 8.6). This pro-
cessor reconstructs tracks in the X projection of DC and V H. The processor consists
of three units: TF1, TF2 — track finders of telescopes 1 and 2, and track analyzer TA
(Figure 8.3b). The identifiers of detected tracks are fed into TA which handles these to
produce a final decision. In order to have a minimal decision time the data from the
chamber planes are transferred to DC'P in parallel. The decision time of the DC' P will
not exceed 5 ps (including data readout).

DCP is started by Trigger 2 also. If the event is accepted (HP=YES AND
DCP=YES) then DCP issues a fourth level Trigger 4, otherwise DC'P generates a
CLEAR signal (NO). Note that a CLEAR signal is generated in 100 ns after T2 if H P=NO
and in 5 us if HP=YES but DC P=NO.

8.7.5 System for data collection, processing and recording.

This VME-based system (Figure 8.5) consists of standard modules from CES. During
a spill good events are loaded into triple port memories HSM8170 (BUF1-BUF7) via ECL
ports. Within the interval between spills the recorded events are handled by fast intelligent
controller FIC8234 and written on tape. VME and CAMAC crates are connected to the
host computer via VICbus. In Figure 8.5 VIC’ stands for the VIC/VME interface module
VIC8251F, 'VCC’ for the VIC/CAMAC interface module VCC2117.
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For the VME-based data collection, the intention is to use CASCADE, a general
purpose real time data acquisition package developed and supported by the CERN ECP-
DS group. CASCADE runs on the hardware platform (CES FIC 8234 VME CPU and
SUN workstation) and the software platform (0OS-9 and SUNOS) foreseen in the DAQ

architecture that we propose. The expected volume of data and event rate, as described

in Chapter 11, can be handled by CASCADE.
8.7.6 Main parameters of the data acquisition system.
1. DC system: threshold range is Vth = 1 — 10 pA; least count is 5 ns; data conversion

time is 200 ns; data transfer rate is 50 ns/word.

2. FERA system: conversion time is 4.8 ps; dynamic range is 10 bits; least count is

250 fC (ADC) and 50 ps (TDC). Data transfer rate is 100 ns/word.
3. Dead time of the data acquisition system for events rejected:

e by the third level of trigger — 1 us;
e by the fourth level of trigger — 6 pus;

Dead time for accepted events — 8 us.

4. Maximum number of fourth level triggers per spill — is determined by the volume
of buffer memory. Note that HSM8170 is the cascadable memory, therefore the
memory volume can be easy expanded if necessary.
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Chapter 9

The 777~ atom and particles yields

In this chapter we estimate the yields of charged particles and of atoms to be expected.
This will be used to evaluate the required performance of the experimental setup, the
detector counting rates and the volume of information to be written to tape.

The expression that relates the inclusive cross section of the atom production to the
inclusive cross section of 7+ and 7~ meson production in a free state has been given in
Section 3.1, equations (3.1, 3.2).

The number of 7 mesons and atoms per one interacting proton is calculated using the
inelastic cross section value o;,

dN _ do 1
dp — dpoi,
We need m meson and A, yields per interacting proton dN/(dp - d? - 1 proton) as a

function of the laboratory angle and into the angular aperture of the experimental setup

dN/(dp - 1 proton).

9.1 Lund model, phenomenological formula and
experimental data

For the estimation of the particle yields we have used the simulation Lund program
FRITIOF 6.0.

In order to be convinced of the reliability of the calculations the results have been
compared with the 7 meson yields obtained experimentally [EICH72] in p A-interactions
(A = Be, Al, Cu, Pb) at proton energy of 24 GeV and for m meson laboratory emission
angles © in the interval 17 to 137 mrad.

The experimental data [EICH72] were obtained with an accuracy of £15%. The errors
in the experimental data arose mainly from uncertainties in the spectrometer acceptance
and in the absolute calibration of the primary proton beam intensity.

The discrepancy between the experimental data and the Lund model does not exceed
15 = 20% as a rule. It was found that the experimental data in the most interesting
angular region (37 - 87 mrad) lie somewhat lower than simulated data.
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The experimental data [EICH72] were only obtained for # meson laboratory momenta
pr > 4 GeV/c and consequently the simulated 7 meson distributions at p, < 4 GeV/¢
cannot be compared to experimental data.

We have used a phenomenological formula to compare particle production rates cal-
culated with the Lund model for the whole interval of the 7 meson momenta. There
are many empirical formulae to describe inclusive cross sections of the 7 meson produc-
tion. We have used an analytical representation of m meson differential cross sections for
pp-collisions [BADH77].

The formula was checked in [BADH77] using the experimental data for which p7" =
0.2 GeV/c, however. In our case the p, values are much smaller (p7" = 0.04 GeV/c).
The validity of the phenomenological formula needs therefore further investigation.

To this aim, we have used the experimental data on differential cross section of 7
meson production in pp-collisions: [ROSS75] — data compilation, [GUET76] — /s = 23
and 45 GeV, [AKER71] — p, = 12.45 GeV/c, [DIDD64] — p, = 19 and 24 GeV/e,
[DEKK65] — pp, = 18.8 and 23 GeV/c and [ALLAT0] — p, = 12.2 GeV/ec.

The formula describes the data with accuracy of 20% except [DEKK65] which are
badly described at 0°. Unfortunately experimental data on differential cross sections
of m meson production in the region of interest ® = 2° + 5° and the lab momentum
pr = (1 +4) GeV/c are missing.

The formula describes the particle yields in pp-collisions only. So to take into account
the dependence of the m meson yield on the target atomic number the results of the Lund
simulation were used. On the base of these results we obtain the ratios K(0) of m meson
yields for Be, Al, Cu and Pb nuclei to those for hydrogen as a function of emission angle.
The phenomenological formula was multiplied by K(©) so that A-dependence of m meson
yield could be taken into account.

Finally the momentum distributions of #* mesons obtained with the formula were
multiplied by a factor 0.7 in order to equate the calculated yields of m mesons to the
experimental data [EICH72] at the # meson momentum 5 GeV /¢, so that the distributions
of pions into the setup aperture are close to the calculated ones with the Lund model (see
Figure 9.1). Hence, we believe that using of the Lund model will not introduce a large
error in the evaluation of the conditions of the proposed experiment.

9.2 Yields of 7* mesons and other charged particles

Distributions of 77 and 7~ mesons reaching the aperture of the experimental setup
in the case of pTi interactions at 24 GeV obtained as described above are shown in
Figure 9.1. In the same figures the distributions of the 7 mesons from short-lived sources
only are also given.

The distributions of 7* mesons from short-lived sources are of more interest as long-
lived sources like n, n’, A, K?, ¥ which also contribute to the inclusive cross sections of
7 meson production do not contribute to 7¥7~ atom formation . Of course the formula
describes the total m meson yields, both for the long-lived and short-lived sources.

One can see that the Lund model and the formula give results that differ by <20% in
the m meson momentum region of interest (1 ~4 GeV/e).

The particle production rates, detector counting rates and trigger rates have been
simulated. As input data, we have used the particle yields dN/dp/d® obtained from
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Figure 9.1: Yield of 7% and 7~ mesons versus lab momentum per p Ti interaction into
the angular aperture of the setup. FRITIOF 6.0: long-lived and short-lived sources
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formula [BADH77] (solid line).
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Table 9.1: Particle productions per proton-Ti interaction

Particle | In the channel | In momentum | Ratio
aperture range

7t short | 3.0 - 1072 1.5-1072 0.51
7t long | 3.6-107° 2.1-107° 0.58
7~ short | 2.3- 1072 1.1-1072 0.47
n~ long | 5.2-107° 3.3-1073 0.63
Kt 3.8-1073 1.2-1073 0.33
K- 1.5-1073 5.4-1074 0.35
p 4.1-1072 6.8-1073 0.17
p 6.4-10~* 3.5-107 0.55
~ 6.2 1072 0. 0.
et 1.25-1073 3.9-107 0.31
e~ 1.25-1073 3.9-107 0.31

FRITIOF. The multiplicity of particles of each kind was generated using Poisson distri-
bution with a mean value obtained as the integral of dN/dp/d® over the setup aperture
and over particle momentum. We took into account charged pions, kaons and protons.
Electrons and positrons, coming from conversion of gamma quanta in the target, fibre
and ionization detectors, have been considered too. For pions from short-lived sources
the Coulomb correlations were taken into account. For all hadrons, strong correlations
increased the correlated particle yields by 1.65.

Figure 9.2 shows the expected particle spectra into the channel aperture. We see that
the proton production is the most intense process along with the 7 meson production.

The relative contribution of pions to the spectrum of all detected charged particles can
be seen in Figure 9.3. The distributions for charged particles are given for all particles
passing through the channel and through the detectors.

The mean yields of particles reaching the secondary particle channel as well as getting
into the spectrometer momentum range per p Ti-interaction are presented in Table 9.1.
As mentioned above the electrons and positrons come from conversion of gamma quanta
in the target (175 gm Ti) and from the fibre and ionization detectors (9 mm scintillator).
The last column in Table 9.1 shows which part of produced particles may be detected by
one or another arm of the spectrometer.

The mean number of all charged particles emitted into the channel per a single p Ti-
interaction in the whole momentum interval is:

fep = 1.1-1071.

The mean number of positive and negative charged particles hitting the hodoscopes
are:

i, =25-107%, " =1.6-1072,

The probability to detect a pair of oppositely charged hadrons from one act of proton-
target interaction is:

Poey=1.1-107".
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Figure 9.3: Spectra of all charged particles passing through the channel angular aper-
ture (circles) and through the detectors (triangles) and for only pions detected (squares).
Particle decays along the channel have been taken into account.
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Table 9.2: Probabilities to meet N particles in the detectors for the first level trigger

events.

N | SaFu HH\+HH, | HH, HH,
110. 0. 0.849 0.919

21 0.563 0.786 0.128 7.6-1072
3| 0.308 0.177 2.23-107% | 4.5-107°
41981-1072 [ 2.88-107% |7.82-1072 [ 1.1-107*
512.50-1072 | 8.58 -107% | 0. 0.
6(59-107* |4.3-107° 0. 0.
7132-100* |0. 0. 0.

average | 2.61 2.26 1.20 1.08

For primary proton flux 10! per spill and trigger resolution time 20 ns the probability
to have a real or accidental coincidence per proton-target interaction is:

Ptot - 41 - 10_4 .

In these conditions, the number of ete™ pairs per proton-target interaction is 1.4-1074
in the momentum range of the setup.

In Table 9.2 the distributions on the number of particles in the fibre detector (SciF'7)
and in the hodoscopes (H H; and H H;) are shown for an initial proton flux of 10! per
spill and a trigger resolution time of 20 ns. These distributions have been obtained for
events passing the first level trigger. The fact that the mean value of particles in HH; is
larger than in H H, is due to the contribution of protons.

Note that in this chapter all the data are obtained for secondary particles produced in
the target. The particle production in elements of the experimental setup will be discussed
in Chapter 11.

9.3 Yields of 777~ atoms

For calculation of 7¥7~ atom yields we have used the relationship (3.1) and 7% meson
yields obtained with FRITIOF 6.0.

The spectrum of the A,, atoms into the channel aperture and the spectrum of atomic
pairs versus total momentum of pair (at the atom breakup probability equal to 100%) in
the momentum range of the setup are shown in Figure 9.4. Only short-lived sources were
considered.

For the atom yield calculation we used the strong interaction correlation coefficient
for #t7~-pairs in the final state at small relative momenta which is equal to R = 1.65
[GRIS82, URIBY4].

The calculations gave the mean number of A, into the aperture of the setup per
p Ti-interaction for the whole Ay, momentum interval 0 + 20 GeV/c:

n{ =1.33-107%;
for the setup momentum acceptance:

ng =0.71-107%,
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Figure 9.4: Spectra of A, in the channel angular aperture (circles) and “through the
detectors” (triangles). Particle decays along the channel have been allowed.

The ratio of n§ to n{ is equal 0.53 and gives the fraction of atoms which could be detected
by the setup from the total number of atoms produced in the target.
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Chapter 10

Simulation of the setup performance

10.1 Simulation procedure

Simulations have been done to estimate the momentum and coordinate resolution of the
experimental setup. Both the atomic and free #¥7~ pairs were simulated. The absolute
value of the relative momentum and emitting angles for 7 and 7~ have been simulated
assuming that the Ay, breakup occurs from the ground state.

The full simulation procedure includes: the event generation (As, or free pairs), the
particle passage through the experimental setup and the reconstruction of tracks. For
the first step, the spectra of free pairs and A,, were simulated using the empiric for-
mula [BADH77]. The momentum varied from 1.8 to 8.8 GeV/c for Ay, and from 0.8 to
6.8 GeV/c for 7* and 7~ from free pairs. 7% from free pairs and Ay, were simulated
uniformly into the angular aperture of the setup (£1.5° in the horizontal and vertical
planes). The proton beam distribution on the target was taken into account.

In another version of event generation the A;; momentum was fixed to some values
and the angle between A,, and the channel axis was fixed to be zero.

The passage of particles through the experimental setup was simulated with taking into
account multiple scattering in the target, in the detectors upstream of the magnet (SeciFi
and F'SH), in the output membrane, in air and in the drift chambers. In all media the
multiple scattering was calculated according to the Scott-Snyder-Moliere theory except
for the drift chambers where a Gaussian distribution was applied.

SciF1 consists of scintillating fibre detectors with 0.25 mm pitch for X and Y coor-
dinates. The pitch was varied in the simulation. The real dependence of the double-hit
resolution (see Figure 7.6) was taken into account.

Having calculated the angles and coordinates of a particle at the output membrane, the
passage of a particle through the drift chambers was simulated and, as a result, the hit wire
numbers and coordinates were obtained. The efficiency of DC was assumed to be 100%.

The last step of the simulation was the event reconstruction. Using the simulated
data in the drift chambers the tracks were reconstructed with 6 coordinate planes (W
planes were not considered) by the least square method and the angles and coordinates
of a particle in the first drift chamber plane were calculated. The accuracy of the drift
chambers was taken into account in this process using a Gaussian distribution in each
plane with variable standard deviation. Track parameters obtained in such a way were
used for particle tracking through the magnetic field to obtain the angles and coordinates
upstream of the magnet.
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The magnetic field was considered in the box approximation. For track reconstruction,

the particles were assumed to be emitted from the center of the target in one case and from
the center of hit fibre of SciF'7 in another. The angles and coordinates of the particles were

calculated using formulas that connect angles and coordinates at the input and output of
the magnetic field.

Basic data for simulation.

1.

Proton beam characteristics: ox = 1.5 mm, oy = 1.0 mm, where ox and oy are the
standard deviations of a Gaussian distribution in the horizontal and vertical planes.

The value of target thickness is Ly, = 0.175 mm of titanium (Laq = 35.94 mm).

The pitch of SeiFiis 0.25 mm (except in Table 10.4). Total thickness of the detectors
in the channel is 9 mm (Lyaq = 42.4 cm).

Magnetic field: B =1.65T, Leg =2 T-m.

. Output membrane: thickness is 0.4 mm of aluminium (L,,q = 89 mm).

Drift chambers: accuracy is opc = 0.2 mm (except for Table 10.2).

Adopted notations in tables and figures.

1.
2.

10.

pr—pion momentum in lab system.

g™, ¢°"*—initial (in) and reconstructed (out) relative momenta of the m¥7~ pairs
coming from a breakup of Ay, (atomic pairs); ¢ is the relative momentum in the
c.m.s. of the pair.

g, ¢?"*—initial (in) and reconstructed (out) ¢™ and ¢°* projections to the p' =

Prt + Pr- direction.

@R, g3 —initial (in) and reconstructed (out) ¢™ and ¢°"* projections to the plane

perpendicular to the p'= p,+ + p,- direction.

out out

a2, ¢%°, ¢i* and ¢9**—initial (in) and reconstructed (out) X and Y components of

out

qiTn and ¢p".

R—ratio of number of atomic pairs with ¢°"* < 2 MeV/c to the whole number of
atomic pairs.

K—ratio of number of atomic pairs passed through a single fibre simultaneously in
X and Y planes of SciF'i to the whole number of atomic pairs (in percent).

o(qx), o(qv), o(qr)—standard deviations for differences between initial and recon-
structed values of ¢ projections.

o(p)—standard deviation of the pion momentum calculated with pion trajectory
traced to the point in the center of the beam on the target.

o(X), o(Y)—standard deviations of the pion coordinate in the SciF'i plane cal-
culated with pion trajectory traced to the point in the center of the beam on the
target.
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10.2 Results of the simulation

Results of simulations are given in the following tables and pictures. The accuracy char-
acteristics of the experimental setup are presented in Tables 10.1 — 10.4. Data presented
illustrate the properties of the detected processes and were used to choose the detector
parameters and rejection procedures discussed above.

The accuracy of the detectors leads to a linearly increasing error o(p)/p with increasing
of momentum values, while the multiple scattering in the setup elements contributes a
constant part in the total o(p)/p uncertainty.

The values of o(X) and o(Y') include constant parts which correspond to the detector
accuracy, while a momentum dependence is explained by multiple scattering in the setup
elements. It is seen from Tables 10.1 and 10.2 that uncertainties in o(p)/p, o(X) and
o(Y) are determined only by multiple scattering if the resolution of DC chamber is better
than 0.2 mm .

Table 10.1: Dependence of momentum and coordinate reconstruction accuracy on the
pion momentum.

pr | o(p)/p| o(X) | a(Y)
(GeV/c) % (mm) | (mm)

1.1 0.37 251 | 2.45
2.5 0.40 1.25 1.19
4.0 0.47 1.11 | 0.86

Table 10.2: Dependence of momentum and coordinate reconstruction accuracy on the

DC resolution at p, = 2.5 GeV/ec.

opc | o(p)/p | o(X) | oY)
(mm)| % | (mm) | (mm)
0.1 | 040 | 1.25 | 1.19
02 | 040 | 1.26 | 1.19
03 | 042 | 1.27 | 1.20
0.4 | 044 | 1.29 | 1.22

The dependence of R, K, o(qx), o(qyv) and o(qr) on the target thickness is given
in Table 10.3 for the atomic pairs coming from the breakup of A, ground state. For
comparison the data for dimeson atom in 25 state are shown.

For the optimum target (0.175 mm of titanium) the errors o(¢x) and o(gy ) are mainly
determined by multiple scattering in the target. o(qr) does not depend on the target
thickness. 14% of pions coming from A,, break up will be detected in the same pitch of
SciFv in both planes. In order not to loose these events, a second kind of SciFi logic
decision should be used (see chapter 8.4).

The mean squared values of the distances o(X) and o(Y) between track coordinates
obtained with Se¢i F'v and with downstream detectors, assuming that the particle is emitted
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Table 10.3: Dependence of R, K, o(qx), o(gy) and o(qz,) on the target thickness Liar.
The spectrum of A,, was taking into account in the calculations.

Ltarg R K U(QX) J(QY) U(QL)
Ti(mm) % | (MeV/c) | (MeV/c) | (MeV/e)
Aqr (1S) | 0.0 0.96 | 99 0.12 0.12 0.83
0.035 0.94 | 51 0.37 0.40 0.83
0.070 0.91 | 29 0.55 0.55 0.83
0.120 0.87 | 18 0.71 0.72 0.83
0.175 0.82 | 14 0.83 0.83 0.83
0.215 0.78 | 11 0.93 0.92 0.83
0.263 0.75 | 9.2 1.03 1.03 0.83
Ayr (2S) | 0.175 0.86 | 14. 0.81 0.83 0.83

from the target centre, are shown in Table 10.4 for different values of fibre diameter.
The small values of o(X) and o(Y) allow to select the hit fibre corresponding to the
track reconstructed in the drift chambers. Probabilities of the hitting the single fibre by
“atomic” pairs in both planes are also shown.

Table 10.4: Dependence of coordinate reconstruction accuracy and K on the SciFi pitch
Lpiteh. The pion momentum was fixed at p, = 2.5 GeV/c in the calculations.

Lpitch O'(X) O'(Y) K
(mm) | (mm) | (mm) | %
0.10 1.25 1.17 |24
0.20 1.26 1.18 | 9.1
0.25 1.26 1.19 | 14.
0.30 1.26 1.20 | 19.
0.50 1.26 1.20 | 45.

The g¢-distributions of atomic pairs and their projections g; and ¢r are shown in
Figures 10.1, 10.3 and 10.5. These distributions are given for the Ay, breakup in 1S state
as well as distributions for detected atomic pairs. Multiple scattering in the target and
the setup precision were taken into account. Similar distributions for free pairs in the
channel aperture and for detected pairs are shown in Figures 10.2, 10.4 and 10.6.

The differences of 7™ and 7~ coordinates are shown in Figures 10.7 — 10.10 for atomic
and free pairs in Scif'1 and in the scintillation hodoscopes downstream of the magnet.
The distributions for atomic pairs are much narrower than these for free pairs. From
figures one can see a scale the setup resolution required.

The efficiency of atomic pair detection is given in Figure 10.11. Single particle and
free pair efficiencies are shown in Figure 10.12.
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Chapter 11

Estimation of trigger rate and
runtime

We have calculated the trigger rate for various intensities of the incident proton beam. In
this estimation the target made of 175 ym Ti foil was assumed. The probability of proton
interaction in this target is 6.3 - 1074.

The results for particle flux and trigger rates are presented in Table 11.1. The detector
efficiency was supposed to be 100 %. The losses of Ay, due to the dead time of the
electronics and DAQ system were taken into account. The Table includes:

N, — number of protons in the primary beam per 0.35 s spill,
N., — number of charged particles in the secondary particle channel per second,

N;/N_ — number of positive/negative charged hadrons (pions + kaons + protons) in
the spectrometer momentum range per second,

Tr.1+Tr.4 — trigger rates at different levels (see Chapter 8) per second,

Acc

s — ratio of accidental to real coincidence rates (not under the real coincidence peak

but for all accidentals within 20 ns resolution time),

Losses — losses of events due to dead time of the trigger logic and DAQ,

Ny, — number of produced Aj, in the setup momentum acceptance per week.
Table 11.1:
N, New | Ny/N_ | Tral | Tr.2 | Tr3 | Trd | A< | Losses Na,,
10 /spill | 10%/s | 10%/s | 10°/s | 10%/s | 10%/s | 10°/s % 10% /week
0.5 11 2.4/1.5 27 6.3 2.8 08 | 1.4 11 8
1.0 21 4.9/2.9 82 21 10 3.0 | 2.1 20 15
1.5 32 7.4/4.4 | 164 50 26 7.5 | 2.8 35 18
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The rejection factors at every stage were estimated with event simulation. The
Coulomb and strong correlation of pions as well as accidentals were taken into account.

To obtain the number of “atomic” pairs one has to multiply N4, by the breakup
probability in the target of P, = 0.34 (see Table 5.2). The experimentally observable
number of dimesoatoms may be obtained by taking into account the detector and data
handling efficiency e. We suppose here that ¢ = 0.5 and believe that all underestimated
effects are included in this value.

In the calculations we neglected the particles produced in interactions of initial or
secondary beams with setup elements (in walls of collimator and vacuum chamber, in
exit membrane and so on). The contribution of particles coming from these interactions
was estimated with GEANT. Due to these background interactions the counting rates
of drift chambers and scintillation hodoscopes increase by a factor 2. The majority of
such background particles are electrons and positrons, which are vetoed by the trigger.
Accidental coincidences of these electrons with the trigger will cause losses of dimesoatoms
of ~10%. The flux of positive and negative charged hadrons increase by 1.1 and 1.3,
correspondingly. These hadrons form only accidental first level triggers and the number
of second and higher level triggers will not change significantly as the most of background
particles are produced downstream of the ionization and fibre detectors.

Taking into account particles produced in the setup elements, one should correct Ta-
ble 11.1: N, and N_ must be doubled, the counting rate of the first level trigger should be
increased by 1.2 for 0.5- 10" initial protons flux and by about 1.3 for other proton fluxes;
hence, Ay, losses could increase up to 20%, 30% and 45% corresponding to the beam
intensities shown in Table 11.1. The last numbers may be overestimated so in further
calculations we use the values from Table 11.1.

At present we assume an intensity of 1.0 - 10! /spill. The ratio of accidental events
within 20 ns resolution time to real events R= RA(:; is 2.1. As mentioned above, this rather
large amount of accidentals is necessary to get a good description of the free pion pair

distribution.
To measure the Ay, lifetime with 10% accuracy one must produce Ny = 5.6 - 10%
dimesoatoms (see Table 5.2). Hence from Table 11.1 with N, = 1.0 - 10" /spill of 0.35 s

the runtime T' to accumulate the requested statistics is:

T = NoJ/(Na,, -€) =5.6-10*/(15 - 10 - 0.5) = 7 weeks.

We estimate that one event corresponds to a data volume of 0.5 Kbyte. This leads to
the total volume of information equal to 150 Gbytes.

As mentioned in Section 6.2 the beam extraction system could allow a spill duration
of 0.45 s. That would decrease the runtime to 5.5 weeks (at the same beam intensity per
second). Moreover, it may be possible to run with two spills per supercycle instead of
only one as used in the calculations. Then the runtime 7" would be reduced to 3 weeks.

If both factors are realized then the subtraction method of lifetime measurement,
described in Appendix C, becomes feasible; the runtime for this method would be 20 weeks
for the Ni target. In this case, the Ay, lifetime could be measured by the two methods
independently and simultaneously.

The runing time of the proposed experiment should be divided into three phases:

1. Detector tests and setup tuning, including test runs for calibrations and a short
data acquisition period to prove the correctness of the method.
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2. Detection of dimesoatoms and the measurement of A,, lifetime with a precision of
20%), using the extrapolation method.

3. Measurement of Ay, lifetime with a precision of 10% using the extrapolation method
or the subtraction one depending on the results obtained after completion of phase 2.

For the first phase three runs, each of one month duration, should be foreseen. We
suppose that all detectors will be tested before the installation. The beam time is needed
for testing of overall setup, for the measurements of its performances and for calibration
purposes.

In the second phase, we plan to measure the Ay, lifetime with Ti and Mo targets with
an accuracy, for each target measurement, of 20%. These targets allow to measure the
lifetime when the A,, interaction cross sections with matter and the target thicknesses
are significantly different (the difference is about 4 times, see Table 5.2). To check the
precision of the extrapolation procedure and the accuracy of Aj, breakup probability
calculations, two runs will be needed with Be and Pt targets. The total beam time of the
second phase i1s 8 weeks.

The measurement of the Ay, lifetime with 10% precision and corresponding calibra-
tions will be performed with Ti, Mo, Be and Pt targets. The beam time needed for these
measurements is 32 weeks.

If beam conditions will be favorable (two spills of 0.45 sec duration per supercycle),
then the A, lifetime could be measured with both extrapolation and subtraction methods.
In this case the beam time for the third phase will be 35 weeks.
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Chapter 12

Data processing and analysis

12.1 Data processing

We plan to write different program codes for processing and analysing the data. The first
step in processing raw data, as given by the setup detectors read-out, is to perform the
following tasks:

1. read raw data from detector electronics and write them to “raw data tapes” RDT;
2. find track candidates in DC's from hit wire numbers;

3. select “in time” and “in space” tracks by linear extrapolation of candidates at the
level of hodoscope counters, and connecting hits in the X — W and Y — W planes
respectively;

4. compute the first approximation parameters of tracks from drift times;

5. follow selected tracks (assuming they come from the target) through the magnetic
field (a map will be needed) till the SciF'i detector (see section 7.1);

6. check the presence of the corresponding hits in the Sei i detector.

At the level of points 5 and 6 the momentum is not yet precisely determined, so
iterative process may be wanted to

7. improve the determination of track parameters using an “optimum?” i.e. “best”
linear approximation method fit and taking into account multiple scattering for
errors propagation;

8. calculate precisely the track momenta.

If possible, tasks 2 to 8 will be performed on-line (partially at least). Then, the
resulting values of on-line computed parameters will be written to tape (DST) together
with raw data. If or when it is not possible to handle on-line processing, only pure raw
data tapes will be produced at that stage and real DSTs writing will be postponed to
later off-line processing.

From the experience acquired at Protvino during the previous experiment, we estimate
at 54 ms (on any 1.2 Mips workstation) the time per event needed for performing tasks 2
to 8. The code size is estimated to 1.2 Mbytes.
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12.2 Data analysis
The later stage of the analysis is intended to be performed off-line. It will consist of

9. splitting recorded pairs into real #*7~ pairs sample on one hand, and accidental
pair sample on the other hand.

Then:

10. identify the particle corresponding to each track within a given pair;

11. compute the momentum of each track in the pair, relative momentum and other
related quantities;

12. determine the lifetime of the A,, atoms.

We estimate to at least 5 ms the processing time per event.

12.3 Programming requirements

The programmers and/or physicists of the participating institutions will be requested to
provide and to use program codes written in Standard Fortran-77, using CERN libraries
or, if needed, any “freeware” easily available sources. The use of non freeware libraries
will be restricted to the use of NAGLIB [NAGLIB], if necessary. Moreover, emphasis will
be made on portability and efficiency. We intend to use dynamical compilation when
available. We intend to use CMZ format as the standard interface for the experiment.

12.4 Estimated amount of data

We expect to have 3000 events of 0.5 Kbytes per second; the duration of the spill is 0.35 s
and the time elapsed between two consecutive spills is 14.4 s. These figures lead to a
mean of about 36 Kbytes per sec. It is not yet clear if we use standard 38 Kbytes “3480”
magnetic cartridges to record event data. If so, the total amount of data per cartridge
being estimated to 200 Mbytes, we ought to write about 16 cartridges per full day i.e. 110
per week of running time. This amount of data is quite comparable to the mean current
amount of data taken by any medium size experiment at CERN or elsewhere.
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Chapter 13

Systematical errors and calibration
measurements

13.1 Systematic errors

To estimate systematic errors S, in the measurement of the As, ground state lifetime 7
five sources of systematic errors were considered:

Particle misidentification;
Difference between real and measured positions of the detectors;

Uncertainty in determination of the detector resolution;

Ll

Influence of hadron correlation;
5. Difference of the form of “non-Coulomb” and accidental pair distributions.

The distributions of “real” and “accidental” pairs on relative momentum and its pro-
jections were simulated. The spectra and yields of the particles were simulated using
FRITIOF (see Chapter 9). The number of simulated events corresponds to 7.2-10* dime-
soatoms produced in the target at the 100% setup efficiency. These data were analysed
using the extrapolation method (see Chapter 4) both with and without taking into ac-
count the errors in the setup parameters. The difference of the results was taken as an
estimation of the systematic errors S..

13.1.1 Particle misidentification

Using the extrapolation method we have to obtain the relation between “Coulomb” and
“non-Coulomb” pairs. The experimental distribution on relative momentum q is fitted by
a sum of simulated distributions of “Coulomb” and “non-Coulomb” pairs with one free
parameter. The fitting function is used for the determination of the atomic pair number
and the number of “Coulomb” pairs in the range ¢ < 2 MeV/e. The later is proportional
to the number of produced As,.

If there is an admixture of pairs consisting of misidentified particles (i.e. at least one
particle in a pair is not a pion), then errors of the number of atomic pairs and produced
dimesoatoms would arise as the distribution on relative momentum for these pairs differs
from that of “non-Coulomb” pairs. This leads to an error of the A, lifetime value.

The scale of the error depends on the number of misidentified pairs and on the mag-
nitude of the distribution dissimilarity. In addition, the admixed pairs distort the lab
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momentum spectrum of the “Coulomb” pairs and therefore the reconstructed spectrum
of dimesoatoms which is used for calculating the Ay, lifetime.

We take into consideration pairs containing misidentified electrons (positrons), K=
mesons and protons.

The pairs consisting of ete™ are generated in the Dalitz decay of 7 meson and ~-
quantum conversion in the target and SciFi detector. Other ete™ pairs could be rejected
by geometric cuts. We assume that the efficiency of identification of an electron (positron)
in the spectrometer arm is 99.5%. Then the simulation shows that the error induced on
the dimesoatom lifetime is S; = 1%.

The admixture of KK~ and mK pairs is considered in the assumption that all K
mesons are analysed as being m mesons. That induces an error S, = 0.25%.

The pion-proton events can not be observed in the true coincidence peak due to a
different time of flight. Therefore 7p pairs may present in “accidental” pairs only. They
induce an error S; < 0.1%.

So the estimation of systematic error caused by an admixture of misidentified particles
is not larger then 1.4%.

13.1.2 Difference between real and measured positions of the
detectors

This difference gives rise to errors in the particle momenta and in the opening angle of
the pairs. Therefore the relative momentum ¢ would be calculated erroneously, too. This
leads to a different location of the “Coulomb” peak (together with the peak of atomic
pairs) and (or) to different width of the “Coulomb” peak. This problem concerns mainly
the SciFu detector and the drift chambers (DC).

We assume that the accuracy of the detector locations will be 0.2 mm . Such an
error in distance between the target and SciF'1 detector induces an error in the transverse
component of the relative momentum @; equal to 0.01%. This leads to a systematic error
S; < 0.04%.

An error in the X coordinate of SciF'1 induces an error in the momentum because the
X coordinate of a track in the SeiF'v plane is used as a base point for procedure of the
momentum calculation. The parameters of a track measured in the drift chambers are
the main data for momentum reconstruction. Hence a difference between the real and
measured positions of DC' leads to an error of the particle momentum. If this difference
equals 0.2 mm then the relative error of momentum is dp = 0.2 + 1.0%.

In Section 13.2 the influence of shifts of the drift chambers and fibre detector by
0.2 mm in the X and Z coordinates is considered. One has shown that this systematic
error of Ay, lifetime could be reduced to 2% using “Coulomb” peak for calibration.

When momenta of both sign particles are symmetrically increased or decreased the
calibration with a resonance mass will be used (see Section 13.3.4).

A difference between the real and measured positions of the detectors in the Y coordi-
nate does not distort the result directly but this causes a decrease of the rejection factor
for background particles.

These systematic errors will not be larger than 2%.
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13.1.3 Uncertainty in determination of the detector resolution

Here we consider the case in which average values of the momenta and the coordinates
are measured accurately but there are errors in resolution for these parameters. These
errors lead to a change in the form of the fitting function like in the case discussed above
(Section 13.1.1). An error in the momentum resolution of 1% leads to an error S, = 1.4%.
The same errors in the resolution on the X or Y coordinates, measured by SciF'z, induce
the error S, = 1.3%. Here the resolution on X and Y contains also errors due to multiple
scattering in the target. If calibration with a resonance mass (see Section 13.3) allows us
to measure the resolution for momentum and coordinates with an accuracy of 0.5% then
the systematic error will not exceed 2%.

13.1.4 Influence of hadron correlations

The influence of hadron correlation on the form of #*n~ pair relative momentum
distribution has been considered in Chapter 3.2. It may be described with the factor

F.(q):

For the description of such a distribution an additional coefficient C'(¢) was included
into the fitting function:

C(Q) :1_GQ7

here a is a free parameter. Distributions, both with and without the factor F.(q), were fit
by a function with coefficient C'(g). For simulation ¢ was taken as 1.5 - 1073 (MeV/c)™".
The difference of the results corresponds to an error S, = 0.1%.

13.1.5 Difference of the form of “non-Coulomb” and accidental
pair distributions

“Non-Coulomb” pairs have a momentum distribution different from “Coulomb” pairs.
This fact causes indirectly differences in the distribution of the “non-Coulomb” and acci-
dental pairs as these last pairs contain pions from both short-lived and long-lived sources.
To estimate the related systematic errors, “Coulomb” and “non-Coulomb” pairs distribu-
tions were simulated using accidental pairs, the relation between two types of pairs being
found with Lund. Then two kinds of fit were applied to these distributions. The first fit
function takes into account the dependence of “Coulomb”/“non-Coulomb” ratio on the
lab momentum. The second fit uses the accidental pair distribution only. The difference
of the results corresponds to an error of S, = 0.3%.

13.1.6 Summary
If we take for the global systematic error of the dimesoatom lifetime measurement

with the extrapolation method the arithmetical sum of errors due to different sources, we

find it is less than 5.8%.
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For the subtraction method the sources of systematic errors are only a distortion of
the momentum spectrum by misidentified particles and an erroneous measurement of the
target thicknesses. The sum of these errors does not exceed 1%.

13.2 Calibration with the “Coulomb” peak.

The setup performance should be tested experimentally by the detection of well-known
processes. In these tests the setup ability to identify the process has to be confirmed and
some characteristics to be measured (the effective mass resolution, for example). With
this aim we considered some processes that could be applied for the setup calibration
procedure.

This method of calibration is used for correction of errors arising from inaccuracy in
measuring of the angles of the spectrometer arms. The Coulomb interaction in the final
state of the #¥7~ pairs leads to an enhancement of the production cross section of pairs
with small relative momentum. Therefore the distribution of 77~ pairs on the difference
of particle momenta contains a peak at p; = p, where p; (pq) is the momentum of 7+
(7).

Consider a distribution of 7¥7~ over A, = 0,y + 0,2, here 0,1 (0,2) is the angle
of the positive (negative) charged particle in DC with the setup axis. As p ~ 1/0,, this
distribution contains the “Coulomb” peak, too. The peak position points to the value
of A®, which corresponds to equal momenta p; = py. If the position of the detectors is
measured exactly then the peak is located at A@, = 0 as the magnet deflects the particles
of opposite signs in opposite directions. But if ©,; and 0, affected by systematical errors
oy and ay due to mis-alignment, the peak will be located at A®, = ay + a3. This error
can be corrected with the subtraction of a correction angle O.,, = A®,./2 from ©,; and
©.2. This method is effective only for asymmetric errors in @, and ©,,.

To test this method, a large statistics sample of proton-target interactions correspond-
ing to 72 - 10° generated Ay, was simulated. These data have been handled and analyzed
with the extrapolation method.

Three different situation have been examined:
(a) The position of the detectors is known exactly.

(b) There are errors in DC' positions equal to 0.2 mm in projections X and Z. The
real positions of the first three planes of one arm are shifted from the setup axis in
X and towards the target in Z and the real positions of the last three planes are
shifted oppositely. In the other arm the displacements of all planes are opposite to
those of the first arm. Shifts of the SciFi detector are the same as for the last plane
of the 1st arm. In this case the errors of track parameters are maximal. Practically
it leads to a rotation of the arms. Correction is not applied.

(c) The errors are the same as in (b) but the correction is applied.

The ratio of the “real” pair distribution over A®, to that of “accidental” pairs (needed
to exclude the influence of a detection efficiency on the distribution shape) is shown in
Figure 13.1 for these three cases. The distributions contain the events selected by applying
a cut @y < 2.25 MeV/e to increase of the “Coulomb” peak magnitude. The effective
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Table 13.1:

error | Ocor (AO,) Npair
mrad mrad
no | 0. 0.6510 - 102 | 15540. + 490.
yes | 0. —0.7578 5990 + 490
yes | 0.90 | —0.1096 15050 + 490

yes [ 0.95 | —0.8633-107" | 15350 + 490
yes | 1.00 | —0.4241-107" | 15980 & 490
yes | 1.05 | —0.7082-107% | 15670 & 490
yes | 1.10 0.3165 - 10~ | 14460 =+ 490
yes | 1.15 0.7500 - 10~ | 15320 =+ 480
yes | 1.20 0.1027 14800 £ 490

number (Neg) of events in the distributions allows one to measure a mean value of the
(AO,) with an accuracy 0.05 mrad. Dependence of the number of atomic pairs Npai
on the value of correction angle O, is given in the Table 13.1. Real correction angle
corresponds to (AO,) close to zero. Here O, = 1.05 mrad.

It is seen that after correction, the difference of Ny, from the number of atomic pairs
calculated without errors is not more than 20% of the statistical error and corresponds to
2% accuracy in the A, lifetime.

13.3 Calibration with particle decays

13.3.1 The simulation program

In order to reproduce the experimental setup, the simulation program, DIRAC, based on
GEANT [BRUNST7] has been developed. Results on the setup calibration with the help
of K2 and K+ mesons and A° hyperon decay are now presented.

The program simulates the transport of secondary particles through the setup, mimics
the detector “responses”, carries out the event reconstruction and fills up the histograms
of different statistical distributions.

The detector sizes and characteristics, their location as well as information on materials
needed for the program performance are taken from Chapter 7. Only the coordinate
measurements were considered in the calculation. Precision of the drift chambers as well
as that of the coordinate detector in the channel are supposed to be 150 ym and their
efficiency 100%. The magnetic field was chosen to be homogeneous with B=1.65 T.

The following physical processes were considered in the simulation:

— multiple scattering in the channel coordinate detector, in the aluminium foil of the
vacuum chamber window, in mylar and wires of the drift chambers and in air space of
the setup;

— decays of nonstable particles according to with their lifetimes and branching ratios;
— lonization losses of particles;

— hadron and electromagnetic interaction of particles.
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The simulation has been performed within the momentum range of initial particles
4 GeV/e < P<T7GeV/efor A and 6 GeV/e < P < 10 GeV/e for K2.

The procedure of event detection in the program, i.e. K% — ata~ or A° — pr~
decays, included track and momentum reconstruction of secondary particles. An event was
detected only in the case of tracks found simultaneously in both arms of the spectrometer
and of two particle passing through the detector in the channel.

Reconstruction of straight Y projections of tracks was performed by taking into con-
sideration the measurements by 6 planes of drift chambers of the corresponding arm and
by the coordinate detector in the channel. Reconstruction of the X projection of tracks
took place in two stages. In the first stage, a straight track downstream of the magnet
was considered if it passed through one of planes of the first drift chamber and through
at least two other planes. On the second stage the complete track and momentum of the
corresponding particle in horizontal plane were reconstructed on the base of point and
angle of straight track coming out of the magnet and of the X coordinate in the channel
coordinate detector.

13.3.2 Calibration with K% and A’ decays

To imitate a pion pairs from dimesoatom breakup the particles with small lifetimes and
decaying into wtn~ pair with high probability are suitable candidates. The particles
decaying, e.g., into pm~ (A?) could also be considered as well as K~ — 7t7~ 7.

The calibration based on the two-particle decays K3 — 7t7~ and A° — pr~ is
considered below.

The typical results on momentum reconstruction of decaying particle (A°) and effective
mass distribution of detected pm~ are presented in Figure 13.2. Tt shows no systematic
error in A mass reconstruction. As example, for an initial particle momentumof 5 GeV /e,

we get Mo = 1.1160 + 0.0009 GeV/c*.
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Figure 13.2: Simulation of the decay A° — pr~ in the channel at py = 5 GeV/e: a) devi-
ation of the reconstructed momentum from the input simulation value; b) effective mass
spectrum for the pm~ pair.
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The probability to detect 7t7~ pairs from the K2 decay and pm~ pairs from the A°
decay versus initial particle momenta are shown in Figure 13.3a and 13.3b. The number
of initial particles uniformly simulated in the solid angle restricted by sensitive area of
the channel coordinate detector was, in both cases, equal to 10000. The probability to
detect 77~ and pr~ is calculated taking into account the branching ratios. It is of the
order of 0.02% to 0.8% for K3 and of 1% to 1.4% for A°.

The results of the simulation show also, that the precision of the A° momentum recon-
struction is limited to 0.0042 < AP/P < 0.0046 and that the average accuracy of effective
mass reconstruction is ~1 MeV. Analogous value for K2 are found to be 3.5 MeV.

13.3.3 Calibration with Kt — 7777~ decays

Calibration with K+ decay is attractive. In this case, it is possible to reconstruct the
vertex, being the intersection point of K+ meson track with the plane formed by any two
tracks downstream of the magnet.

The probability to detect #¥n 7~ versus the K initial momentum, taking into ac-
count branching ratio, is shown in Figure 13.3c. The direction of initial particles was
uniformly simulated in the same solid angle as in case of A° and K?2.

13.3.4 Use of A" = pr~ decay for the telescope position tuning

The A° mass reconstruction shown in Figure 13.2 was obtained supposing that the po-
sitions of the detectors are strictly known. In fact, the value of the reconstructed mass
may be shifted due to uncertainties in the values of the telescope angles with respect to
the setup symmetry axis. The asymmetric errors on angles may be corrected with the
“Coulomb” peak calibration described in Section 13.2. To exclude symmetric errors on
angles, the A° decay process may be used.

To test the influence of symmetric errors in the telescope angles on the A° mass value
the simulation has been done. Each telescope was turned by 1 mrad additionally, but the
coordinates of DC wires were considered as if they had “normal” positions. Figure 13.4
shows the Gauss approximation of effective mass spectra for A — pr~ decay at 4 GeV/c
for “normal” case and the case with angular errors. The distance between the centers
of these distributions depends, in general, on the initial momentum, but in the interval
4 < P <7 GeV/e agood resolution of the peaks is observed. This gives the possibility
to correct for symmetrical angle distortions of the telescope positions.

13.3.5 Resume

Taking into account the fact that the yield of the detected pr~ from A? decay significantly
overcomes the corresponding yield of #¥7~ from K2 and that the relative precision of
A% momentum reconstruction is higher, the use of A° for the setup calibration seems
preferable, especially from the point of view of accelerator runtime costs. The fact, that

Tr~ pairs from

the pm~ detection takes place in a wider momentum range than for =
K2, is in favour of the A® choice, as it is closer to the pion pair range from dimesoatom
breakup. Finally, the yield of A° itself from the target is sufficiently high.

The setup calibration based on three-particle decays such as K+ — ntnt7~ is also

possible. In this case the yield of detected events is comparable to the yield of 777~ pairs
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from K?2.
To tune the telescope positions one has to use the A° — pr~ decay as well as the
“Coulomb” peak calibration method.

13.4 Calibration with ete™ pairs

The pairs consisting of ete™ will be used for calibration of the scintillation hodoscopes
and Cherenkov counters.

The time of flight of e (e7) does not depend on the momentum in the region of the
setup acceptance. In addition et and e~ can be strictly selected with the Cherenkov
counters. Therefore the electron-positron pair distribution as a function of the time
difference between hits on hodoscopes with positive and negative particles contains one
peak of real coincidence in contrast to the analogous hadron distribution which has several
peaks corresponding to 7t7~, K and wp pairs. For these reasons the electron-positron
pairs are most suitable for the time calibration of the scintillation hodoscopes V H and
HH .

The efficiency of Cherenkov counters to et and e~ will be tested with shower detectors
(see Chapter 7.5) or additional movable counters which are sensitive to electrons.

The ete™ pairs will be stored simultaneously with #¥7~ data. It will allow to test the
stability of detectors during the run.
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Chapter 14

Other physics subjects

The proposed setup may be used to study other physical topics. Some of them could
be investigated simultaneously with the Aj, lifetime measurement, others need some
modifications of the apparatus.

14.1 Observation of A,, long-lived states

As mentioned in Section 2.4 the measurement of the A, lifetime and Lamb shift allows
to obtain ag and a; separately in a model independent way. In order to measure AE,;_,,,
the dependence of the lifetime for long-lived Ay, states (I # 0) on the applied electric
field can be studied [NEMES5]. Calculations presented in Appendix B show that up to
10% of atoms generated in the thin target come out to the vacuum region as long-lived
states. Such A,, atoms may be observed in the proposed setup without any change and
the results of this experiment will help to prove the feasibility of AF,,_,, measurements.

14.2 Observation of A, and measurement of its
lifetime

CHPT, including the strange quark [SU(3)z, xSU(3)g], can be tested by comparing the
predicted values for m K-scattering lengths with model independent experimental values.

Pion-kaon scattering together with pion-pion scattering belong to the purest processes
of pseudoscalar Goldstone bosons. In particular, the reaction 7 K — 7K is important as
it involves strangeness and unequal masses (mesons or quarks) in the simplest way.

Data about the 7 K-scattering lengths by, and by, (S-states, isotopic spin 1/2 and 3/2)
may be obtained, in a model dependent way, from an analysis of single meson exchange
in the reactions

KN KN, KN - rKA*™, (14.1)

Mean values for b/, and b3/, from several experiments spread over wide intervals:

0.13 < byjy <024, —0.05 < byjy < —0.013. (14.2)
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The observation of atoms consisting of 7™ and K~ mesons (A,x ) and the measurement
of their lifetime allow to extract in a model independent way the difference b; /5 —b3/5. (In
the study of the corresponding antiatoms A,-gx+, the signal to background ratio is less
favourable.) CHPT predicts the following values for these parameters [BERN91]:

The relative errors are larger for b; than for a; because of the different parameter scale
used in the expansion for the m K-scattering amplitudes. For mm-scattering this parameter
is

( o )2 —0.014. (14.4)
4n [,
In the case of m K-scattering the analogous parameter is one order of magnitude larger:
( TR )2 —0.18 (14.5)
4n [,

and, therefore, the precision of the theoretical calculations is smaller.
The probability for the A, x annihilation is mostly given by the process

T+ K~ =71+ K° (14.6)
and equals [BILE69] to
) 1 87 [2Am\"?
Walw®K) = - = 5 (22 s b0 (140
n,0

where Am = M4 — myo — Myo, My is the atom mass, p is the reduced atom mass, and
¥n0(0) is the corresponding wave function value at zero distance between the 7 and K
mesons. As strong interaction does not change the value of ¢, o(0) substantially [EFIMS87]:

Y10(0) = ¥5(0)(1 +4-107), (14.8)

the relations (2.18) and (2.19) obtained for Ay, are valid for A;x, too. So the measurement
of the A,k annihilation probability from S-states allows to obtain in a model independent
way a value for 7o and, hence, for b/, — bs/s.

Substituting the m K-scattering length values (14.3) and Coulomb value [¢] ;(0)|* into
formula (14.7), one finds for the 7 K lifetime:

Tio=5.8-10""s. (14.9)

The momenta of m and K arising from A,x ionization are bound by the relation:

Pr My

e (14.10)

From this it follows that the setup geometry must be changed for A,x observation: the
kaon spectrometer arm is tuned to higher momentum detection compared with the pion
arm, and pion suppression in the kaon arm is necessary.

The yield of A,x is about 12 times less than that one for A,, [NEMES5].
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14.3 Study of charged particle production dynamics
using the Coulomb correlation

As mentioned in [AFAN91A] a study of the Coulomb correlation in the 7*7~ system
enables to measure the relative parts of pion pairs, generated by short-lived or long-lived
sources, at the percent level.

Excluding pions originating from K meson and hyperon decays with the coordinate
detector in front of the magnet, one can determine a summed probability for n and n’
mesons produced.

14.4 Bose-Einstein correlations

A study of Bose-Einstein correlations in the 7~ 7~ system requires consideration of
Coulomb corrections for those pion pairs, originating from short-lived soures. In pre-
vious experiments these corrections were not experimentally determined, but estimated
by model (Lund) calculations. Exploiting the high relative momentum resolution of our
spectrometer, it is possible to extract these corrections from the measurements (7= 7~
and 7t7~) themselves. Correlation functions for 7~7~ pairs, calculated using the model
[LEDNS82] (see Section 3.2), are shown in Figure 14.1. The data for like sign particles are
taken as a by-product during data acquisition runs.

14.5 Search for narrow resonances in 7771~ system

The high resolution in relative 77~ c.m.s. momentum (~ 1 MeV/c) and the large
amount of pion pairs recorded allow to undertake a search for narrow pion resonances in
the mass interval 2m, < M., < 2m, + 60 MeV.
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Figure 14.1: Correlation function of 777~ versus relative momentum ¢ in the pair c.m.s.
Calculations have been performed using the model [LEDNS82] for the following kinematic
variables and the model parameters: gr = 0, velocity of pair in the rest frame of pion
sources v = 0.7¢ and particle emission time 75 = 1.0 fm/c. Curves 1, 2 and 3 are obtained
for the space parameter of pion source region rq of 1.2 fm, 2.0 fm and 4.0 fm, respectively.
The decrease of correlation function to zero at the origin occurs due to the Coulomb
repulsion of likely charged particles.
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Chapter 15

Cost estimation and time scale of
the experiment

15.1 Cost estimation

The total cost of the setup is estimated to be about 2.6 MCHF. Request to CERN amounts
to about 900 kCHF including about 500 kCHF for shielding and iron absorber.

We estimate the cost of the equipment as follows:

I Detectors with readout electronics.

1. Scintillation fibre detector 300 kCHF

2. Forward scintillation hodoscope 55 kCHF

3. Microstrip gas chamber 60 kCHF

4. Drift chamber system 720 kCHF

5. Horizontal hodoscopes 135 kCHF

6. Vertical hodoscopes 235 kCHF

7. Cherenkov counters 120 kCHF

8. Preshowers 110 kCHF

9. Muon detectors 115 kCHF
Subtotal 1850 kCHF

II Data acquisition system and computers 375 kCHF
ITI Trigger system 270 kCHF
IV Auxiliary electronics 50 kCHF
V Secondary particle channel 80 kCHF
Subtotal 775 kCHF
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VI Request to CERN

1. Proton beam line Z'T7:

(a) experimental area and beam line' 375 kCHF
(b) iron for the beam catcher? 300 kCHF
(c¢) proton beam diagnostics 40 kCHF
2. Secondary channel shielding (40 tons of lead) and muon ab- 210 kCHF

sorber (40 tons of iron)

Subtotal 925 kKCHF

15.2 Time scale of the experiment

After approval of the proposal, we estimate that the construction of the detectors will
take 2 years. Installation on the floor can be done within 6 months.

The setup test and calibration (phase 1) will require 3 months of beam time spread
over 10 months.

The measurement of 7 at 20% level should be achieved within 8 weeks of beam time
and about 3 months for data processing (phase 2).

The final measurement of 7 at 10% level will last about two years, including 16 to 35
weeks of beam time, depending on the available beam conditions and on the method to
be applied.

!This estimation have been done by R.Coccoli and L.Danloy, see PS/PA Note Installation 93-10.
Rev.1.3.12.93)
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Appendix A

Description of Ay, passing through a
target

Let us consider details of the probability calculation of the Ay, breakup inside a target.
Using the calculated total and excitation cross sections we can describe an evolution of
atomic state populations during the A,, passage through a target. To calculate the
transition cross sections (5.1) we have used form factors Fif(q) of A, obtained in the
frame with the quantization axis along the atom momentum. This axis stays preserved
in all subsequent collisions as the atom momentum is much greater then the transfered
one. Therefore the evolution of the atomic state populations is described in a simple way.

Let us write a set of differential equations for the probability of different A,, state
populations. Such a set of equations is usually named microscopic description of atomic

state populations or classical set of kinetic equations.

d S >
PlS) S amits) (A1)
7=1

Here p;(s) is the probability of Ay, state populations after passing the distance s in the
matter. With the chosen quantization axis only atomic transitions that conserve Z-parity
PZ = (=1)!=™ are permitted [TARA91], where [ and m are the orbital and magnetic
quantum numbers. The A,, atoms are produced in nS states, so they have positive Z-
parity. Thus only states with positive Z-parity have nonzero populations and just these
states are considered further. We simply renumber all “permitted” atom states and : and
J are numbers of states. The a;; denotes the matrix of inverse lengths of the transition
from the state j to the state . For ¢ # 7, a;; is given by

J;pNO
T

Here p and A are density and atom weight of the target, respectively, and Ny is the
Avogadro number. For ¢ = j, the a;; describes the total decrease of the state i:

(A.2)

U5 =

(A.3)

ol p Ny { 2my/pact,o  for nS states
i = ——5

A

where m, is the pion mass, py is the Ay, momentum and 7, is the lifetime of the nS

0 otherwise

states (2.19). The first term concerns with the population decrease due to interaction
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with the target and the second one describes the annihilation probability from the nS
states. Here and further we neglect any decrease of population of other states due to
annihilation and of all states due to radiation because the lifetimes for these processes are
much greater than the time of flight through the target [NEMES5].

The initial condition for the set of equations (A.1) is given by the probability of Ay,
production with different quantum numbers (Section 3.1, p. 17).

The lifetime and momentum of Ay, are parameters of the equation set (A.1). Its
solution is reduced to calculation of eigenvalues and eigenvectors of matrix a;; and then
to decomposition of initial conditions on the set of eigenvectors.

Since Ay, can get excited or deexcited at the interaction, the matrix a;; does not show
a triangular form like in the case of a chain of radiation decays which is described by the
analogous set of equations. For this reason an exact solution for any state may only be
obtained as a solution of the infinite set of equations. Hence we have to limit the set of
equations in order to get a solution. The precision of the limited equation set solution is
illustrated by Tables A.1 and A.2.

In Table A.1 the summed population probabilities P, of states with principal quantum
number n (summed over [ and m) are shown. These results are the solutions of the limited
equation set, including the states with principal quantum number up to npax. These
calculations have been performed for conditions of the previous experiment at Protvino
[AFAN93A, AFAN94]: the Ay, mean momentum of 2.86 GeV/c and the tantalum target
of 8 ym thickness. The A,, lifetime was assumed to be 3.7 - 107'° s which predicted by
CHPT.

Table A.1:
Pn(nmax)

Nmax 1 2 3 4 5 6
1 3.301-1071!
2 | 3.337-107! | 4.848-1072
3 |3.341-107' | 5.249-10~% | 1.475-1072
4 |3.342-107"' | 5.333-10~% | 1.703-10"2 | 6.334-10~3
5 | 3.342-107! | 5.358-102 | 1.768-1072 | 7.641-102 | 3.273-1073
6 |3.343-107"' | 5.367-10~2 | 1.791-10-2 | 8.094-10~2 | 4.068-10~3 | 1.906-10~3
7 |3.343-107' | 5.370-1072? | 1.801-107% | 8.280-1073 | 4.381-107° | 2.414-1073

In Table A.2 the same data are presented in the form §P,(nmax) = (Pu(Pmax) —
Pn(nmax -

The transition cross sections obey the equality o; =

1))/ Po(nmax) to show the rapid convergence of P, .

f

7

oy and so the matrix a;; is

symmetric. The same cross sections depend on the magnetic quantum numbers of initial
and final states m; and m; as |m; — m;|. Moreover, the initial condition for the set of
equations (A.1) includes the fact that only nS states (with m = 0) are not empty. It
can be concluded that states with opposite sign magnetic quantum numbers have equal
populations. This allows to exclude the states with negative magnetic quantum numbers
from the equation set and thus to reduce dimension of the set. For example, the dimension
of the matrix a;; is reduced from 84 to 50 for nyax = 7. However the resulting matrix a;;
becomes asymmetric.

We have solved the equation set for ny.x = 7, a limit which results from the precision
of the routine used to solve the eigenvalue problem. Thus the populations of all states
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Table A.2:

S P, (Nmax)
Nmax 1 2 3 4 5 6
2 | 1.087-1072
3 |1.195-1073 | 7.636-10~2
4 |2.524-10~* | 1.570-10~2 | 1.336-10""!
5 | 7.449-107° | 4.613-1072 | 3.683-1072 | 1.711-107!
6 |2.699-107° | 1.672-10~3 | 1.308-10"2 | 5.602-10~2 | 1.954-10!
7 1.123-107° | 6.959-107* | 5.402-103 | 2.246-10~2 | 7.127-1072 | 2.104-107"

with n < nyax as a function of the path s in the target are known. This function takes
into account the interaction of A,, with target atoms and the A,, annihilation. Points
of Ay, production are distributed uniformly over the target thickness. So we have to use
the average values over this distribution for all discussed probabilities.

From Tables A.1 and A.2 one can conclude that the summed population of all discrete
atomic states with n < nmax (Pasc) is known with precision much better than 1%. From
Table A.1 one realizes that P, has the asymptotical behaviour an™ + bn=> + .... Using
rows 5 and 6 we calculate the constants @ and b and are able to estimate the total
population of all other atomic states (“tail”), P, that are not included in the equation
set. An uncertainty in this estimation has little influence on the final results because of
the smallness of the “tail” (see Table 5.1).

The Ay, atoms annihilate mainly from 1S state (2.17). The population of the first few
states is known with high accuracy (Table A.2) and so the probability of Ay, annihilation
(Panh)-

After having calculated the probabilities for Ay, to remain in one of discrete states or
to annihilate, while passing through the target, the remainder, that is probability of A,
breakup, P, is given by

Pbrzl_Pdsc_Ptail_Panh- (A4)

In such a way we can calculate the probability of A,, breakup in any target for
arbitrary values of the atom momentum and lifetime.
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Appendix B

Populations of long-lived states 2P,
3P,

In Figure B.1 a summed population of all long-lived atomic states (with [ # 0) after
Ay, passage though the target is shown as a function of the A,, ground state lifetime
for different Ta target thicknesses. One can see that about 10% of produced atoms leave
the target in long-lived states. This figure illustrates the feasibility of observation of such
states discussed in Sections 2.4.3 and 14.1.
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Figure B.1: Summed population of all long-lived atomic states (with [ # 0) after Ay,

passage through the target as a function of the A, ground state lifetime for different Ta
targets.
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Appendix C

Subtraction method for the lifetime
measurement

C.1 Method description

For dimesoatom lifetime determination one can use the experimental information obtained
by means of three targets T, Ty and T5 made of the same material. The target T} is one
layer of a foil, e.g. of titanium of 175 pm thick. The target T5 consists of k3 layers of
the same total thickness as T7. The space between the layers is about 1 mm. In this
case most Ay, produced in any layer annihilate between this layer and the next one. The
number k3 of layers is found according to the following conditions:

1. Technological feasibility of manufacture of thin foils.

2. A large size of the multilayer target along the proton beam leads to erroneous deter-
mination of gr and to different solid angles of the experimental setup for different
target layers.

Possible values of k5 are

20 < ks < 40. (C.1)

The target Ty consists of k2 layers of the total thickness equal to that of the targets
Ty and T5. The number of layers satisfies the condition

1 < ky < k3. (CQ)

Assume the experimental data are collected for the same number of interactions in
each of the three targets. The distributions on the relative pair momentum ¢ in the
region ¢ < 2 MeV /e will contain Ny, Ny and N3 pairs for the targets Ty, Ty and Ts,
respectively. These pair numbers can be represented as

Ni = na1+ Npy
N2 = TNA2 + Nfg (C?))
N3 = ngs3+ Ngs.
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Here n,1, n,2 and n, 3 are the numbers of the atomic pairs and Ny, Nyy and Ny are the
numbers of free pairs. The number of the atomic pairs is determined by the probability
of As, ionization that is different for the three targets. As the total thicknesses of the
targets Ty, Ty and T5 are the same there will be the same multiple scattering. Therefore

Let us consider the value
Ny — N3
= == C.5
T= NN (C.5)

Taking into account (C.4) we obtain

p o= AT a3 (C.6)
na1 —Nas
The = value only depends on atomic pair numbers.
The calculations have shown that z is a simple function of the Ay, lifetime (z = f(7))
for fixed pair momentum. Therefore the measurement of x value allows to determine the
lifetime of the dimesoatom.

The number of layers of the target T, is determined by minimizing the errors

o, = o,/(dx/dr) (C.7)

for the fixed number of interactions. The expression for the standard deviation is

1
Op = NN \/0]2\72 + 2203, + (1 — z)%0%, - (C.8)

C.2 Production and breakup of A, in multilayer
targets. Target choice for the subtraction
method

The method to calculate the A,, breakup probability described above (Section 5.2)
can easily be applied to multilayer targets suggested to measure the A, lifetime by the
subtraction method. To do so one should also take into account the probability of atom
annihilation in gaps between the layers and the fact that atoms are produced in any layer.

In Figure C.1 the probability of Ay, breakup is shown as a function of the gap width
for different numbers of layers N; of titanium targets with a total thickness of 175 pm.
From this figure we have chosen the gap width of 500 pgm for all further calculations.

In Figure C.2 the probability of Ay, breakup is shown as a function of the A, lifetime
for different numbers of layers N; of nickel targets with total thickness of 70 pm. Using
these data one can evaluate the variable z. Taking into account (C.6) z can be written as

B _
r = br 2 Pbr3 . (C‘g)
Pbrl - Pbr3

The value x as a function of the A,, lifetime is shown in Figure C.3 for different
numbers of layers ky in the second target and the fixed number of layers k3 = 100 in the
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Figure C.1: The probability of Ay, breakup in multilayer targets as a function of the gap
width for different numbers of layers NV; of Ti targets with a total thickness of 175 pm.
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Figure C.2: The probability of Ay, breakup in multilayer targets as a function of the Ay,
lifetime for different number of layers V; of Ni targets with a total thickness of 70 pm.
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Figure C.3: The value z as a function of the Ay, lifetime for different numbers of layers
ko in the second target and the fixed number of layers k3 = 100 in the third target for Ni
targets with a total thickness of 70 ym.

third target. In Figure C.4 the same dependence is shown for ky = 5 and various numbers
ks.

Using equation (C.6) and the results of a simulation of the A,, detection, we can
evaluate a number of A,,, that has to be produced in targets to achieve the required
precision in the lifetime measurement with the subtraction method. In Figure C.5 the
number of Ay, N4, that has to be produced in all three targets to obtain the A, lifetime
within 10%, is shown as a function of target nucleus charge 7 for different numbers of
layers ko in the second target and the fixed number of layers k3 = 40 in the third target.
All targets have the total thicknesses equivalent in radiation length to 20 ym tantalum.
Data are shown for the lifetime value predicted by CHPT: 3.7 - 107'® s and the Ay,
momentum of 4.7 GeV/e. In the calculation the ratio of accidental to real coincidences in
the setup was 1.3. One can see that the smallest number of A, is required for the nickel
targets consisting of 5 layers in the second target and with a total thickness of 70 pm.

In Figure C.6 the dependence of N4 on the atom lifetimeis shown for targets equivalent
to 20 ym tantalum and fixed values of layer numbers ky = 5 and k3 = 40. Like in the
case of the extrapolation method, for a wide range of the A,, lifetime, there are target
materials which require approximately the same minimal number of produced A,, to
measure the lifetime within 10%.

Some numbers concerning the subtraction method are given in Table C.1. For various
targets made of materials with nucleus charge 7, with the total thickness equivalent to
20 pm tantalum (Table 5.2) and consisting of numbers of layers in the second target ky = 5
and in the third one k3 = 40, the following numbers are given: the probabilities of Ay,
breakup in all three targets Por1, Por2, Pors, the value of z, the relative precision dz in
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Figure C.5: The number of A,, that has to be produced in three targets to obtain the
Ajy, lifetime within 10% as a function of target nucleus charge Z for targets equivalent to
20 pm Ta. Solid lines are drawn between points with equal numbers of layers ky in the
second target. The number of layers in the third target is fixed to k3 = 40.
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The numbers of layers in the second and third targets are fixed to k; = 5 and k3 = 40.

the measurement of  and the number N4 of Ay, produced in all three targets, required
(both dz and Ny4) to obtain the lifetime within 10%, and ratio w; : wy : w3 between the
numbers of produced A,, in each target, providing the smallest value of N4. One can see
that targets in the range from Fe to Cu require about the same number N4 and so they
would be used for the lifetime mesurement by this method. Using targets with another
total thickness requires the greater number N 4.

Comparing Tables 5.2 and C.1 one can conclude that the number of atoms produced in
the first (one layer) targets is sufficient to obtain the lifetime by the extrapolation method
within 10%. From an additional calculation one can see that the data recorded for the sec-
ond target alone will allow to obtain the lifetime by the extrapolation method within 18%.

Table C.1:
Z | BPor1 | Pore | Pors T ox Wy We  Ws Ny

Al | 13| 0.234 | 0.202 | 0.096 | 0.771 | 1.00-102 | 0.390 : 0.500 : 0.110 | 6.2-10°
Ti | 22 | 0.341 | 0.260 | 0.100 | 0.663 | 2.17-1072 | 0.342 : 0.500 : 0.158 | 6.3-10°
Fe | 26 | 0.444 | 0.294 | 0.101 | 0.563 | 2.28-10=2 | 0.297 : 0.501 : 0.202 | 3.9-10°
Ni | 28 | 0.476 | 0.303 | 0.102 | 0.538 | 2.16-1072 | 0.286 : 0.501 : 0.213 | 4.1-10°
Cu | 29| 0.475 | 0.303 | 0.102 | 0.539 | 2.17-1072 | 0.286 : 0.501 : 0.213 | 4.1-10°
Mo | 42 | 0.534 | 0.318 | 0.103 | 0.500 | 1.82-107% | 0.269 : 0.501 : 0.230 | 5.1-10°
Ta | 73 | 0.635 | 0.344 | 0.106 | 0.450 | 1.03-10~2 | 0.248 : 0.501 : 0.251 | 1.3-10°
Re | 75 | 0.655 | 0.348 | 0.106 | 0.441 | 8.49-1072 | 0.244 : 0.501 : 0.255 | 1.9-10°
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Appendix D

The proton beam line ZT7

The ZT7 area uses the PS slow extraction channel SE61. Twenty bunches of 5 ns FWHM
duration and 100 ns repetition are accelerated in PS. Period of the beam revolution in
the accelerator is equal to 2 us. So every 2 us the slow extraction system acts upon the
same part of the internal proton beam. In addition the intensity is modulated to the main
50 Hz as well as to higher harmonics.

Reasonable requirements to the beam intensity oscillations are:

Period of oscillations 100 ns 2 1 20, 10,...ms
Relative intensity of oscillations +5% +10% +15%

The energy of the extracted proton beam equals 24 GeV and its intensity is 2 - 10!
protons per cycle. The spill length is actually equal to 350 ms and it can be increased up
to 450 ms as the flat top is limited to 500 ms. This mode of operation can be realized
even for a single cycle within supercycle. During the slow extraction the beam momentum
increases by 0.3%.

The primary proton beam is split into two beams in the vertical plane by a special
septum magnet (splitter) which controls the beam intensity ratio. The undeflected part
of the beam is going to the north area of the East Hall. The bent beam (ZT7 beam) is
going to the south area.

Relative intensities of the two beams are controlled by adjusting the splitter magnet
and the beam parameters at its location. For proposed experiment an intensity of the
proton beam needed is about 10'' protons per spill.

For safety considerations, two independent elements are needed for the beam switch
off. The following switch off procedure is made with:

— no current in the bending magnet BHZ03;

— closure of a beam stopper STPOL1.

In this case the proton beam will hit the iron wall separating the PS machine from the
primary area. This procedure allows to isolate the ZT7 beam control from other users in

the East Hall.

D.1 Magnetic elements of the proton channel

The magnetic channel (Figures 6.1 and 6.2) consists of two quadrupole doublets (QFS2,
Q126 and QFS1, Q124) separated by a string of dipoles (C208, M213, M219, M203).
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A dipole string bends the beam in order to bring it to the target location and make
some slight beam position adjustment on the target. The deviation angle of the beam
is equal to 148 mrad. The magnets have to be located as more upstream as possible to
minimize the bending power required.

The first quadrupole doublet mostly contains the beam in the beam pipe but it is also
used in conjunction with the second one in order to fulfill the optical constraint at the
target.

The last doublet with help of the first one brings the beam with required properties
on the target. Location, spacing and optics of the doublet have been chosen such as to
minimize the dispersion of the focus (Figure 6.2). The beam size on the target can be
adjusted in both planes by trimming the four available optical elements.

The small horizontally adjusting magnet (HADJ), placed downstream of the dipoles,
in conjunction with one of the main magnets will be used to control both the angle and
position of the beam. The HADJ is also needed to compensate for the increase (~ 0.3%)
of the proton momentum during the slow extraction.

The standard way to control the beam position on the target is by open-loop compen-
sation of HADJ magnet with a routine residual sweep to the value less than 0.5 mm. It
is also possible to use the same magnet and power supply in a closed-loop system using
phototubes on both sides of the beam. An RMS of the beam position about 100 pm
should be achievable in this case. An additional advantage of the feedback system is its
ability to compensate for slow, moderate drifts in the beam position.

The small magnet (VADJ) will be used to adjust the vertical position of the beam.

Most magnets and quadrupoles are recovered from the present ZT7 line.

Behind the magnetic elements of the channel the proton beam passes through the hole
in the iron shield.

The magnetic elements of the channel allow to obtain minimum dimensions of the
beam on the target: H = 3 mm, V = 2 mm, where H and V are horizontal and vertical
dimensions at the 20 level, respectively [DURI94]. The beam divergence is equal to
£1 mrad.

Stability of the beam centre of gravity at the target of about 0.5 mm or better will
be needed inside the spill and from spill to spill. The focus position can be shifted 2 m
upstream by simply changing the currents in the quadrupoles.

The experiment will be sensitive to the beam distribution far from the core. Level of
the beam halo must be low to diminish a count rate of the coordinate detectors located
off the axis of the proton beam.

D.2 Vacuum elements of the channel

The proton beam passes in the standard vacuum tube made of aluminium (Figure 6.4).
Outer and inner cross dimensions of the main tube are equal to 197 mm and 185 mm,
respectively.

For mounting of the targets the CERN target device of ”Marguerite” type will be
used. It is rather big vacuum box in which there is a quite complicated mechanism for
change up to twelve different targets fastened with help of holders on the wheel.

The target device is connected with the vacuum tube through the vacuum valve with
150 mm body—size hole. The vacuum valve is destined to separate initial part of the
vacuum channel in the event of a vacuum disturbance in the vicinity of the setup but not
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in the case of emergency. The proton channel at the outlet of PS has an air gap and so
any emergency vacuum spoiling is not dangerous for the machine.

A demountable connection is envisaged in the main vacuum tube 2 m upstream of the
vacuum valve in order to reserve a possibility for travel the target position within 2 m
along the proton beam to change the experimental conditions.

Standard bellows of 200 mm in diameter and standard flanges for quick junction (with
aluminium seals) are used for mounting of the channel units.

The vacuum volume upstream of the vacuum valve is evacuated down to 10~% Torr
with the backing pump of the Balzers type (30 m?/sec) through the standard branch tube
with manual valve. The vacuum is measured with Pirani gauge.

The proton beam downstream of the target passes in the vacuum also (Figure 6.4).
After the target there is a section about 2 m long with the diameter of 400 mm. This
section is ended by the blank flange with two openings.

The upper opening is closed by a thin foil window and serves as an outlet for secondary
particles arisen in the target and detected by the experimental setup. The window of
square cross section has dimensions 105 x 105 mm?.

To the lower opening the vacuum tube of 100 mm in diameter for the proton beam is
connected. Distance between the openings is equal to 122 mm.

The section has a big cross dimensions in order to diminish amount of rescattered on
its walls particles that can get into the collimator for the secondary particles.

This section and the proton vacuum tube downstream of the section are evacuated
with another vacuum pump of the same type as the main vacuum tube and the vacuum
is measured with Pirani gauge also.

Then the vacuum tube of 100 mm in diameter goes through a hole in the radiation
shield and between the poles of the spectrometer magnet close to the lower pole (Fig-
ure 6.5). The proton beam is deflected in horizontal plane by the magnetic field on the
maximum angle +1.3° in accordance with the value and polarity of the magnetic field.

So the flexible vacuum tight connection of the tube in the magnet centre is envisaged
in order to keep the proton beam in the tube at any value of the magnetic field. For
this purpose the tube after the flexible connection will be turned in horizontal plane.
The flexible connection is accomplished with help of a backed rubber ring of high quality
placed between the stationary and travelling parts of the tube.

The vacuum tube for the proton beam downstream of the magnet is enlarged to a
diameter of 197 mm (standard tube) with help of bellows. The tube of approximately
14 m long passes lower the detectors of the setup and is ended with a thin outlet window
near the catcher where the proton beam is absorbed. The tube consists of several sections
for convenience of manufacture and transportation. The tube will be moved in horizontal
plane in accordance with the value and polarity of the spectrometer magnetic field as
mentioned above.
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Appendix E
MSGC detector

The detector makes use of the technique known as ”"Microstrip Gas Chambers” [OEDSS]
(MSGC), which can cope with 2 main objectives in the detection of single points per-
taining to mT7~ track pairs: high space resolution and capability to operate in a high
rate environment of 2 x 107 s~7.

It is assembled in a module of 4 consecutive planes, each covering a sensitive area of
10 x 10 cm? (see Figures E.1, E.2 and E.3). Position resolution is achieved by a 200 um
cathode-cathode pitch distance between cromium 90 ym wide parallel strips implanted
on a semi-conductor glass support, with bulk resistivity in the range 10° to 10'? Q-cm.
Interleaved with the cathode strips are anode strips 10 pm wide, which provide electric
fields of the order of 100 kV/cm in the amplification region. The basic cell structure is
illustrated in Figure E.4, where also a back-plane electrode is shown. A support thickness
of 200 gm can be achieved [GEIJ92], which accounts for 0.16% of a radiation length.
As a medium for primary ionization we use an Ar+DME gas mixture at 60-40%, which
provides sufficient ionization over a gas gap of 3 mm and fast drift speed [BOUC94]. The
drift field is supplied by an additional (drift) electrode at the opposite side of the gas gap.
Minimum radiation length can be achieved if this electrode is made of evaporated Cr on
a 0.2 mm glass. Typical operating voltages are: V, = 620 V, V. =0V, V, = 100 V,
and V4 = —1000 V. With the above-mentioned parameters the detector can be operated
at gains larger than 10°. The planes are mounted in gas-tight boxes closed by the drift
electrode. The detector plates are glued on the inner frame of the chip board which
contains the front-end electronics and at the same time provides the reference for internal
alignment.

In view of the high irradiation of the chambers at 2-107 particles per second, particular
attention must be paid to the construction materials in order to avoid a long-term ageing
behaviour of the chambers. A very promising technique is to use glass frames (which is
illustrated in Figure E.5), where only small gain losses (10%) have been observed after
12 mC - em™" [HORI93]. Another possibility would be the use of high grade polymers,
such as VECTRA plates.

In order to be able to resolve multi-particle ambiguities, the detector planes are rotated
at angles 0°(X), 90°(Y),60°(U) and 120°(V'). Single-hit resolution of 50 um can be ob-
tained for each plane, only from the digital information of detector elements. From further
measurement of individual pulse-height information in clustering signals, the resolution
can still be improved.
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Figure E.1: Layout of MSGC' detector
122




--\(/------

APC Chip

$9303 aiaad ] Betde ok uié
0]

|
Control ,zj
lines and "‘\
output “%

Figure E.2: MSGC detector plates

123



12600p
64 input channels

! 3
v

200u (x 63)

-l e

i \
/ \
Detail of the \
pitch-adapter ends \ 2
\ 3
/ 200 p \ T
I <'\
300
400 Y- H
; llllllllllllllllllllllllllllllll‘ H !
-~ 65 p (x 32) 100p (x 31) ‘

Detail of the
cathode ends

GLASS PLATE BORDER

Figure E.3: Details of the pitch-adapter ends.

10p
90 200 &

Figure E.4: MSGC cell structure

124



11 cm

- N
- -

[ | M

G
as—) 3 mm &»

S, ,, =

Figure E.5: M SGC box assembly
E.1 Electronics readout

The 10 x 10 cm? M SGC will be instrumented with VLSI readout. To cope with the
different pitch from the microstrip substrate and the chip inputs, the substrate will include
at one end of each group of 64 cathodes a built-in pitch adapter (from 200 gm to 93.2 pum).
We plan to use a new version of the APC (Analog Pipeline Chip) [ATLA92], which has a
pipeline of 32 buffers of depth, and a total of 64 channels per APC. This allows to wait for
a trigger and search for the signal in a time interval of less than 3 us. The preamplifiers
(with risetime less than 85 ns) integrate the counter signals and store them in one buffer
at a time (with a sampling frequency greater than 10 MHz). Upon trigger arrival it is
possible to reread one or several of these buffers, allowing a different effective gain and
signal /noise ratio. The effective gain in the chip will be around 10 V/pC. On the other
hand it is possible to perform elementary operations with the chip, such as addition or
subtraction of buffer charges, so that the signal baseline can be subtracted in the front-end
electronics. The 8 chips for each instrumented chamber will then be read serially into a

fast digitizer such as SIROCCO module.

E.2 Summary of the detector parameters
e single-hit resolution: <50um (at 90°)
e total radiation length : 1.28% X,
e detector gain: > 10°
e ageing resistance (lifetime) : >12 mC em™!
e electronics gain: ~ 10 V/pC
e time gate for background rejection: 100-200 ns

e power dissipation: 18 mW /chip
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