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ABSTRACT

This thesis reports on recent progress of the MEGA experiment. MEGA is the

latest in a series of muon decay experiments at the Los Alamos Meson Physics

Facility (LAMPF). The primary goal of the group is to look for the lepton family

number violating decay mode of fi+ —+ e+7 with a branching ratio sensitivity of

3 x 10~13. The experiment employs an innovative two-arm magnetic spectrometer,

where photons are converted into e+e" pairs within thin sheets of lead. This design

maximizes rate capability, retains large solid angle, and suppresses the background

to below experimental sensitivity.

Both arms of the MEGA detector are state-of-the-art in design. The high-rate,

low mass cylindrical MWPCs used in the positron arm are especially challenging.

The fabrication of these chambers required many technical innovations, includ-

ing precision-machined ceramic spacers, thin, inflatable cathode foils, and circular

garlands (mechanical supports inserted between anode wires and cathode to over-

come electrostatic repulsion between wires) made from annealed glass fibers. In

order to operate at high rates, the chambers are run at very low gains, requir-

ing the read-out electronics to be two orders of magnitude more sensitive than

conventional designs, while maintaining ~100 MHz bandwidth.

After several years of detector development, MEGA conducted a test run in

1990, where prototypes of various detector components were successfully tested

in beam. A trial fi —* ej search was also conducted. Results from the positron

chamber tests verified -jerformance expectations in most respects. Within the

limits of the tests, position and momentum resolutions are in good agreement with

Monte Carlo simulations. The trial c~f search provided a much needed opportunity



to test the detector system as a whole. No serious problems were uncovered in

the search, which reached a sensitivity of 2.3 x 10~7 in less than a day's running

with an incomplete detector system severely limited in acceptance and efficiency.

From these results, it is projected that a sensitivity of 5 x 10~12 will be reached

in 1992, to be improved to 3 x 10"13 in 1993-94.
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Chapter 1

Introduction

Physics is first and foremost an empirical science. No matter how elegant in

formulation, beautiful in construction, or sublime in vision, physical theories must

conform to what is observed. The Laws of Physics that appear in the various

theories and models are reflections of regular trends seen in data, and are limited

in precision and in scope of applicability by the constraints of the experiments.

No physical law is therefore sacrosanct, and an important part of the activity of

physicists is to devise ever more accurate tests for existing laws.

In the field of particle physics, many laws have come and gone over the past

three decades. Amongst the more notable are the Laws of Parity- and CP-

invariance. One that has endured to this date is the law of Conservation of

Lepton Family Number, which became accepted in the early 1960's after a group

at Brookhaven had established the existence of separate electron and muon neu-

trinos [1]. In its original context, this law assigned electron number of + 1 to elec-

trons and electron neutrinos, and —1 to their antiparticles. Similar arrangement

is given for the muon number, and the two new quantum numbers are separately

conserved in any process. In this scheme, the law of family number conservation

implied that a decay of the muon into an electron must be accompanied by the

emission of a muon neutrino and a anti-electron neutrino (i.e. p~ -* e~v,J^). In

1992, the Law of lepton family Conservation has survived basically in its original
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form, except that a third generation of leptons has now been added to the inven-

tory of particles, so that a conserved r number has been included. We have thus

far seen no violations of r number in the decay of the r leptons.

One feature of family number conservation is distinctly different from most

other laws that have survived thus far. Unlike, for instance, energy conservation,

family number invariance is not associated with any known symmetry principle of

space-time. It is therefore a somewhat arbitrary rule that seems to defy theoreti-

cal explanation. Even more puzzling is the fact that mixing is definitely observed

amongst the three generations of quarks via the weak interaction. These factors

combine to suggest that either lepton family conservation is an accidental law,

which might be violated at some minute level, or that there exists a new sym-

metry principle that perhaps might be associated with the appearance of three

generations, which is not explained by the Standard Model. These factors make a

strong case for continuing the search of lepton family number violating processes.

A most simple process of this sort is the /x —» ej decay.

The current interest in \i —» e*y dates back to a 1977 rumor that this pro-

cess had been observed at the Swiss Institute for Nuclear Research (SIN) with a

branching ratio of about 10~8 [2]. The report was later denied, and that group

published a limit of [3]

B(fi -> e-y) < 1.1 x 10-9(90%C.I.) .

In the interim, a collaboration was formed involving participants from Stan-

ford University, University of Chicago, and Los Alamos Meson Physics Facility

(LAMPF) to conduct an independent search for this decay mode. This group,

now referred to as fiej-I, employed a two-arm spectrometer where the positron

was detected using a magnetic spectrometer, and where the photon was measured

using a segmented Nal array. Clearing magnets were used in front of the crystals

to sweep away charged particles. In the end, no ey decays were seen by this group

and a new upper bound on the branching ratio was set to [4]:
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B{fi -» ef) < 1.7 x 10~10{90%C.L.)

Following the success of the (icy-l experiment, another collaborative effort was

undertaken by the same institutions in an experiment designed to look for the rare

decay modes fi —> ef, fi —> C77 and fj, —> eee simultaneously. The detector

constructed for this experiment consisted of cylindrical drift chambers enclosed

in banks of segmented Nal crystals, arranged in the shape of a box. The group

subsequently became known as the Crystal Box Collaboration. At the conclusion

of the experiment, Crystal Box set new limits for both the e-y and ej-y branching

ratios [5]:

» e7) < 4.9 x 1Q-U(9O%C.L.) ,

B(fi -» e77) < 7.2 x

These values are still the best limits oh the two radiative decay modes at the end

of 1991.

In 1985, an appropriate expansion of the Stanford-Chicago-LAMPF group re-

sulted in the formation of the MEGA collaboration. The new group initially

included nine member universities in addition to LAMPF, and has since acquires

a few more participants. A list of the collaborating institutions is shown in table 1.

The primary objective of MEGA is to look for fi —* cy with a branching ratio

sensitivity of a few parts in 1013, using a state-of-the-art detector system specifi-

cally optimized for this search. A specific goal of the design was to suppress the

level of background from random coincidences between positrons from normal fi+
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Table 1: Member institutions of the MEGA collaboration

founding members

Stanford University
University of Chicago

Los Alamos Meson Physics Facility
Yale University

University of California at Los Angeles
University of Houston

Texas A&M University
Valparaiso University
University of Virginia

University of Wyoming

members added since 1985

FERMILAB
Virginia Polytechnic Institute

University of Indiana
Queens University

Hampton University
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decays and photons from internal-bremsstrahlung (IB) decays to below the pro-

jected sensitivity of the experiment. The result was a large solid-angle two-arm

detector system that required technical innovations in many respects.

By far the most difficult component of the MEGA detector system is the

positron spectrometer, which employs high-rate, low-mass cylindrical MWPCs

that are over a meter in length, with very small half gap and wire spacing. To

add to the difficulty of the project, the chambers use segmented cathodes to

provide longitudinal position information, a feature that puts additional demands

on the already strained electronics system. The development and construction of

the chambers have taken a long time, and the fabrication of production chambers

have only begun in September of 1991, after a successful engineering run in 1990.

The author of this report has been with the MEGA experiment as a member of

the Stanford contingent since 1986, and has been an active participant in software

projects and in the development and construction of the positron chambers and

associated electronics. He has also done most of the analysis of the positron

chamber test data taken during the 1990 run to evaluate the performance of

prototype chambers, including a trial fi —* 67 search.

The remainder of this thesis will be organized in the following way. The

theoretical motivations for a ft —• e*f search are discussed in chapter 2. The

current design of the MEGA detector system, which has undergone significant

evolution from the original plans, will be described in chapter 3. Chapter 4 will

give a detailed explanation of the design criteria and construction techniques for

the positron MWPCs, along with a description of the chamber readout system.

In chapter 5, we will present the results from the 1990 chamber tests, followed

by the trial e-y search in chapter 6. This report concludes with discussions and

conclusions in chapter 7.



Chapter 2

Theory

?.l Review of the Standard Model

The Minimal Standard Model SU(Z)cxSU(2)Lxif(l)Y has proven to be a re-

markably successful phenomenology of the fundamental constituents of matter

and their interactions. Its basic ingredients are illustrated in figure 1. Three

parallel families of leptons and quarks ore postulated, along with gauge bosons

that mediate the electromagnetic, weak aad strong interactions. The theory also

includes a fundamental scalar (the Higgs boson) required to break the local electro-

weak gauge symmetry.

Quarks are the basic building-blocks of hadrons (mesons + baryons). They are

the only fermions 3n the model that are subject to strong interaction, mediated by

the exchange of color charge carried by gluons. The mathematical description for

this type of interaction is a Yang-Mill type gauge theory, in which each quark can

take on one of three colors, forming a triplet under the S£/(3) local gauge sym-

metry. Eight different types of gluons are postulated, corresponding to the eight

generate rs of the 5(7(3) group. Formally the gluons are represented by massless

vector gauge fields that couple to the quark currents in a manner analogous to

the coupling between the photon field and charged lepton currents.

A feature of the gluon-quark picture is that SU(3) local gauge symmetry also
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Figure 1: Constituents of the Minimal Standard Model
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requires gluon-gluon couplings (in both three- and four-point vertices). The result-

ing vacuum polarization leads to bizarre consequences. In the limit of very short

distances, the quarks are completely screened from one another and are therefore

non-interacting (phenomenon known as Asymptotic Freedom). In the other ex-

treme, the proliferation of virtual gluons at long distances makes it energetically

unfavorable for free quarks to exist. More precisely, the reverse screening prevents

the propagation of color-singlet states. This effect is believed to be the cause of

quark confinement, and explains why only colorless objects like baryons (three dif-

ferent colors for the three constituent quarks) and mesons (color-anticolor pairing)

are found in nature.

All of the charged ferrnions in figure 1 interact electro-magnetically, while the

left-hand components of all the fermions are subject to the weak force. Within

the Standard Model, the weak and e.m. forces are described by a single unified

SU(2)LXU(1)Y gauge theory. The SU(2) symmetry introduces a pair of charged

vector fields W+, W~ and a neutral W3. The U(l)y symmetry introduces another

neutral vector field B, which mixes with the W$ to yield the photon and the Z°. To

preserve SU(2)L xU(l)Y gauge invariance (and hence renormalizability), all of the

particles are initially massless. Masses for both the fermions and the weak bosons

are introduced to the model by the addition of a complex scalar doublet, which

is coupled to the weak vector fields as required by gauge invariance, and to the

fermions through Yukawa-like couplings. The scalar field is then allowed to taken

on a non-zero vacuum expectation value (vev) through spontaneous symmetry

breaking (via Higgs mechanism). The re-shuffling of the fields gives mass to the

W*, Z°, and the fermions, leaving a single real scalar field: the Higgs Boson.

In this process, the gauge symmetry becomes hidden, but renormalizability is

preserved.

Several features of the model need to be emphasized. First, the weak gauge

bosons couple exclusively to left handed currents. Parity violations observed in

weak processes is included explicitly in the Lagrangian, and is not a consequence

of the symmetry breaking. Also, the theory contains no right-handed neutrinos,

while the left-handed neutrinos are massless Dirac fermions. Both the quarks
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Figure 2: Example of triangle diagram giving chiral anomaly. Cancellation of
these diagrams require the charge of the leptons within each family to add to
zero; each quark is counted three times, once for each color.

and leptons appear in three distinct families of isospin (weak) doublets. Even

though the top quark has yet to be discovered, its existence is required to explain

the suppression of flavor-changing neutral current interactions (via the Glashow-

Iliopoulos-Maiani mechanism which originally postulated the existence of charm

quarks), and is also needed to effect the exact cancellation of triangle diagrams

(see figure 2) that are responsible for the chiral anomaly.

The appearance of the three generations is an arbitrary feature of the Standard

Model added to explain experimental observations. Occurrence of flavor-changing

weak decays of hadrons (e.g. K+ —> H^v^) indicate mixing amongst the quark

families, a phenomenon that is not explained. The model does however contain

a parametrization of the mixing in the form of the unitary Cabibbo-Kobayashi-

Moskawa (CKM) matrix, which relates the weak eigenstates (d',s',b')[, to the

mass eigenstates (d, s, b)i:

s

V

'us rub

vcd vca vcb
Vtd Vu Vtb

(d\

I L

An analogous mixing matrix is not included for the lepton families. Instead, three
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Table 2: Lepton family number assignment and conservation laws.

Le L^ LT

+ 1 e~, ve +1 fi~, i/M +1 r" , fT

0 everything else 0 everything else 0 everything else

separate conservation laws are postulated for electron, muon, and tau family num-

bers, denoted respectively by Le, Llt, and LT. The assignment of these quantum

numbers and the conservation laws are summarized in table 2.

By construction, the Standard Model thus forbids lepton flavor changing pro-

cesses such as /i —•> e~f, \i —> eee, (i~N —• e~./V, and Ki —> fie. It is

important to note that these conservation laws are not the logical implications

(via the Noether Theorem) of any known symmetry Principle.

2.2 Mechanisms for fi —*

Despite its success, The Standard Model falls short of being a complete theory:

the model contains a large number of arbitrary parameters; the origins of the

CKM matrix and of CP-violation in the neutral kaons are not explained at all;

and the the appearance of the three generations is simply added by hand. The

formalism of the Standard Model too has come under criticism. For instance,

the existence of separate strong and electro-weak forces in the theory, and the

exclusion of gravity appear to some to lack elegance.

Many extensions to the Standard Model have been proposed in response to the

perceived shortcomings of the theory. Some of them are listed in table 3. Most of
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Table 3: Proposed extensions to the Standard Model

perceived inadequacies model extension

arbitrary no. of generations
explicit P-violation in Lagrangian
arbitrary Higgs sector
gravity not included
too many elementary fields
many undetermined parameters
replication of generations
elementary scalar field
mass hierarchy problem
not a unified theory

4+ generations
L-R Symmetric
extra Higgs doublets/triplets
supersymmetry
composite models
horizontal gauge bosons
horizontal gauge bosons
Technicolor
Technicolor & supersymmetry
grand-unified theories (GUTS)

the extensions allow for, or cannot prevent the possibility of lepton family number

violating processes. In the remainder of this section, we will discuss some of the

mechanisms by which the /i —» ef process can proceed.

2.2.1 Massive Neutrinos

A simple way of extending the Standard Model is to add masses to the neutrinos

and include a leptonic CKM matrix to allow mixing. With these modifications,

ft —* e7 becomes allowed via the 1-loop diagrams shown in figure 3. Calculation

of the branching ratio then yields [6]:

e 7 ) =
en)

ei/u)

3a
32TT

(1)

Here the expression is evaluated to terms of lowest order in (m^/A/^) , where m,

is the mass of the ith generation neutrino, and Mw the mass of the W boson.
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v, N

/
/

(B) (C)
e fj

» i / . N /

Figure 3: One-loop diagram for n —• e-f with massive neutrinos

Ufii and U^i are the leptonic CKM matrix elements. In the now obsolete scheme

where there is a single neutrino that couples universally to muons and electrons,

this expression leads to an enormous rate:

5a
B{n -* e7) ~ —- = 7.3 x 10-4 . (2)

low

This result is due originally to Feinberg in the context of introducing an intermedi-

ate meson for the transmission of weak force [7]. Failure to observe the decay mode

at above 10~4 later led to the discovery of distinct electron and muon neutrinos.

Within the framework of three generations of neutrinos in the standard model,

the leading term in equation 1 vanishes because of the unitarity condition:

This cancellation is the leptonic counterpart of the GIM mechanism [8]. Very tight

bounds on the mass of electron and muon neutrinos [9, 10] leave the calculation for

the upper limit in equation 1 dominated by the vr. Using the latest experimental

limits of [11, 12]:
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\U<aU,a\ < 2.5 x 10"3 ,

m3 < 35 MeV ,

the upper limit for fi —> e~f is then:

B{p -» e7) < 10"22 .

A branching ratio of this magnitude is beyond the scope of any experiment in the

foreseeable future. At a design sensitivity of 3 x 10~J3, MEGA is insensitive to

neutrino oscillations within the three generations in the Standard Model.

The simple mechanism described above is only one of many possibilities, and

fi —> e7 can occur at observable levels through other mechanisms. For instance,

the experimental limits on neutrino masses can be circumvented by the intro-

duction of a 4th generation of leptons with a very heavy neutrino. Recent LEP

results suggest such a neu' rinc would have a mass in excess of 45 MeV, in which

case its contribution to the fi —» e~f rate is limited only by its coupling to the

lighter generations. A recent paper has indicated that the bounds imposed by the

current limit of B(fi —> cy) = 4.9 x 10~n on the mixing angle between the heavy

neutrino and e,(i implies that B(KL —• pe) < 2 x 10~15 [13].

Various versions of grand-unified theories (GUT) also require the existence

of extra heavy neutrinos within the existing generations. Yet another possibility

is the introduction of heavy, predominantly right-handed neutrinos iV, in left-

right symmetric models. Allowing for mixing between Ne and N^, the calculated

(i —» ej branching is dominated by the term [14]:

cos0R
 N\ N» , (5)

M

where MwR is the mass of the right-handed W boson, and OR the mixing angle

between Ne and N^. Taking 6N ~ 10~2 —> 10~3, then a ratio of (MwL/MwR)2 =

1/100 would give a rate for fj, —» cy of:
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-11 . m-13B(ix -> ej) ~ 10"" -> 10

2.2.2 Flavor-changing Higgs Models

One area of the Standard Model that has very few experimental constraints is the

Higgs sector. The possibility that the spontaneous symmetry breaking involves

more than a single scalar doublet cannot be ruled out. With the addition of a

second doublet, extra neutral scalars fields are left over from the spontaneous sym-

metry breaking (not absorbed by the gauge bosons) that can couple to different

generations of leptons and quarks. These scalars mediate horizontal transitions

between different families (i.e. without changing the isospin component T3). In

this scenario, fi+ —* e+7 can proceed via the diagrams in figure 4(A), (C) and

(D). The flavor-changing neutral scalar is represented by <f>, while £ is a positively

charged lepton [15]. For natural choices of mixing angles and for masses less than

TeV, fi —» e7 may be in the measurable regime.

Another extended Higgs Model that has attracted much attention is the Gelmini-

Roncadelli model in which Majorana mass terms can be generated for the left-

handed neutrinos in the symmetry breaking by the inclusion of an extra charged

scalar triplet [16]. Six scalar bosons are introduced: 2 neutral (one of them is the

massless Majoron-a Goldstone boson) and a pair each of singly charged (a>+, w~),

and doubly charged (<j>++,<f> ) scalars. In this model, /i —> e*) can occur via

two sets of diagrams: (1) figures 4(A), (B), (C) and (D) where <j> = <f>++, and £ is

a negatively charged lepton, or (2) figures 4(B), (C) and (D) with <j> = u>+, and

2.2.3 Leptoquarks and Horizontal Gauge Bosons

fi —> ef can also occur via graphs of the type in figure 4 where <j> is a leptoquark,

an object found in various Technicolor and GUT models, if generation off-diagonal

couplings are included. Since the leptoquark is a charged particle, all four graphs

in the figure contribute, where £ represents a heavy quark. [18, 19]. Basically, the
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\
(A) / / •—;—?» ' e +

(B)

(C) (D)
7 7

Figure 4: One-loop diagram for /i -» e) with a flavor-changing Higgs boson.
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(B)

w

\
I

Figure 5: fi —• e-f via slepton mixing.

same set of diagrams can be carried over to any model involving horizontal bosons

that changes the generation of the fermion line it attaches to (in the way that a

W changes the T3 isospin component).

2.2.4 Supersymmetry

Supersymmetric models introduce a large number of new particles as super-partners

to those in the Standard Model. In this type of theory, fi —* e*y can occur via

slepton mixing in diagrams of the type shown in figure 5 (the accompanying dia-

grams where the photon line is attached to the muon or the electron are omitted).

The expected branching ratio is proportional to the square of the mass splitting

between the different generations of sleptons [20]:

here g^ is the supersymmetric coupling constant, Mj the mass of the slepton, and
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Figure 6: fi —* e~f in for composite leptons.

SMj the slepton mass difference. The existing limit on B(fi —* e~f) in fact places

the most severe constraint on SM[. If no candidate event is observed by MEGA

to a sensitivity of 3 x 10~13 then the limit would be improved to [21]:

< 3 x \0-*GeV-2 .

2.2.5 Composite Models

While most extensions to the Standard Model allow mixing between different

generations of leptons, they make no real attempt to explain the occurrence of

the families. The exception is found in a class of theories that describe the quarks

and leptons as bound states of preons (one fermion and one boson). In some

versions of composite models, the muon and the r are assumed to be excited

states of the electron, where transitions like fi —* cy or r —• fif then occur as

radiative transitions from a higher state to a lower one, as illustrated in figure 6.

A common feature found in excitation models is that the mass scale A for

the binding between preons is much iiigher than that of the composite fermion

itself. The high mass scale is needed to explain the suppression of the neutrinoless

decays. The relationship between A and B(fi —* cy) varies for different versions

of the model, (see, for instance [22, 23, 24]). We will mention here as an example

only reference [24], which treated the e, fi and r as IS, 2S and 3S bound states

of very heavy preons. In this case, the limits on B(fi —• cy) and B(fi —

combine to set a lower limit on the effective mass of the bound system:
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4m,
9 e77){r(ii-*e*rf)]2

A null result from MEGA will increase this limit by approximately another order

of magnitude.

2.3 Comparison of \i —> ej with Other Decay

Modes

2.3.1 n —> e77, // —> eee

Wherever // —* e7 is an allowed process, both the e77 and eee modes are also

allowed, at least as a higher-order correction. The e77 rate is nearly always

suppressed with respect to the e7 by approximately order a/it, except in special

instances of gauge models where the mediating heavy leptons are charged [25, 26].

A larger contribution for the eee rate is given the graph in figure 7(A) than

from that formed by attaching fermion lines at the end of the photon in figure 3.

However, the presence of 4 vertices tends to keep it suppressed relative to cy. On

the other hand, in modeis where there are horizontal gauge or Higgs couplings

, the \i —» eee can occur at the tree level, as illustrated in figure 7(B), and

therefore is more likely to be observed than the e7 mode.

2 .3 .2 fji-N -> e'N

At first glance, it would appear that p. —> e conversion (also known as anomalous

capture) appears like the eee mode with the e — e fermion line replaced by quarks.

In this way we would expect the same comparison to e7 as was made for eee.

However, Marciano and Sanda noted that in reactions where the nucleus is left in

its ground state, the amplitudes over all of the constituent quarks add coherently,

and the conversion rate is dominated by the box diagrams shown in figure 8
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(A)

N \

(B)

Figure 7: Different channels for the n —» eee process: (A) in neutrino mixing
models, and (B) in horizontal gauge models.
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Figure 8: Box diagrams that dominate coherent \i N —• e N conversions

[27, 28]. The coherent enhancement can cause B{fi~N —* e~N) to become larger

than B(fi —* ef), even though more vertices are contained in the conversion

graphs.

2.3.3 Rare Kaon Decays

The decays Ki —* fie and K+ —* n+fte occur through similar mechanisms. We

will restrict the present discussion to only the former. Like /z —* ej, KL —* fie

can occur via neutrino mixing, but in this case via a box diagram (see figure 9).

Like figure 3, this graph is GIM-suppressed if only neutrinos within the standard

three generations are included. The same mechanisms that can enhance figure 3

will also enhance the rate given by the diagram. But because there are four w^ak

vertices in the diagram, KL —• fie is always suppressed through this mechanise

relative to fi —* e^.
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W

KT u.c.t

W

Figure 9: Box diagram for fie with neutrino mixing.

However, Unlike fi —* cy, KL —* fie can occur via tree-level graphs in

horizontal gauge models like fi —» tee in figure 8(B),and is therefore favored

over fi —> e~f in these cases. It should be noted that in KL —* e~f, both

the initial and final states contain a first generation and a second generation

fermion. Therefore the process can be mediated by leptoquarks at the tree level

without inter-generation coupling, as seen in figure 10(A). The rare kaon decays

are therefore one of the most sensitive probes for the presence of leptoquarks.

There is yet another class of composite models that involves horizontal sym-

metry, where one of the bound particles carries a generation number, and the

other determines whether it is a quark or lepton. In sach theories, Ki —* \ie can

occur via contact interactions as depicted in figure 10(B). In this case, fi —• cy

would not be allowed.

2.4 Summary

From the point of view of an experimentalist, the various theories and models

mentioned in the previous sections offer plausibility arguments for family number

violation in processes like fi —» ey at observable levels. There are certainly

no known mechanisms to forbid them. Hence it is very important for us to test

the conservation law at progressively finer levels by improving the precision of

experiments that search for these processes. Furthermore, the plethora of possible

channels for these rare decays, each favoring a different mode, implies the need to



CHAPTER 2. THEORY 22

K,

(A)

leptoquark

Figure 10: I<L —> e-y decays via (A) leptoquark exchange, and (B) contact
interaction in horizontal composite models.
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look for all of the possibilities.



Chapter 3

Experimental Design

3.1 Overview

MEGA is the latest in a series of muon decay experiments at LAMPF. This most

recent effort is designed to look for the rare two-body fi+ —» e+7 decay at a

branching ratio sensitivity in the 10~13 range, with a state-of-the-art detector sys-

tem specifically optimized for this search[29]. In the limit of perfect instrumental

precision, the ft —» ey decay is free of background, owing to its distinctive signa-

ture: back-to-back e+ and 7 in time-coincidence from a single decay point, and

each with half the energy provided by the mass of the original fi+. However, finite

detector resolutions do introduce experimental background at some finite level. A

fundamental goal of MEGA is to make the ef measurement free of background.

Much of the MEGA detector design reflects lessons learned from its predeces-

sor, the Crystal Box experiment. Whereas MEGA concentrates mainly on the e~f

mode, the crystal box detector was built to look for the p —* e~y, C77, eee decays

all at the same time[30]. To accommodate these simultaneous measurements, it

was necessary for Crystal Box planners to accept compromises that led to the con-

struction of a very versatile detector, which nevertheless was less than ideal for the

ef search in its energy and position resolutions and its rate capability[31, 32]. In

both respects, the limiting component was the Nal array. The long time constants

24
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of the crystals restricted the sustainable decay rate to 500 kHz (average), well be-

low the full capacity of the LAMPF muon beam, and the 8% energy resolutions

(for both photons and positrons) caused the experiment to become background-

limited at about 10~9, slowing subsequent improvement in sensitivity to a rate of

l/\/T (T is the running time) from that of l/T in absence of background.

To surpass the current e-y branching ratio limit of 4.9 x 10~n[5], MEGA

improves on the Crystal Box detector with a three-fold scheme: (1) A large,

solenoidal magnet generating a uniform 1.5 T field is used to separate the pho-

tons from positrons; (2) fast multi-wire proportional chambers (MWPCs) and

plastic scintillators are used to detect the positrons, improving the e+ momen-

tum resolution and allowing for a much higher average beam rate; and (3) the

photon is detected with pair-spectrometers which give much better 7 energy and

position resolution (by tracking converted e+e~ pairs with wire chambers) than

crystal calorimeters. This design combines the advantages of the two-arm detec-

tor of //e7-I[4, 33] with the large solid angle of Crystal box, but surpasses both

in resolution and rate capacity. These refinements lead to an expected ft —* cy

sensitivity of 3 x 10~13 with nearly no background.

Figure 11 shows conceptually the strategy for the search of fi —* e~/ decays

in the MEGA detector. The event is triggered by the shower from a high-energy

photon. The pair spectrometer converts photons into e+e~ pairs, and tracks their

motion in the magnetic field with drift chambers. The energy of the incident

photon is then determined by summing the momenta of the pair of particles,

determined by the curvature of the two tracks. Timing in the photon arm is

provided by segmented plastic scintillators, catching the particles as they pass

through the chambers. To better correct for the energy loss of the pair in the

converter material, two lead sheets are used in each spectrometer; an MWPC

layer placed between the sheets is used to discern actual conversion layer, the

knowledge of which allows more precise dE/dx compensation. Both the MWPC

and the scintillators also provide fast signals that can be used for prompt hardware

pattern-recognition to make a high-Pj. photon trigger.

Having found a candidate photon that passes all the selected cuts, the cy search
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Figure 11: Schematic for detection of a fi+ —> e+-f event.
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resumes by looking for a kinematically matched positron. Positrons are prevented

by the magnetic field from reaching the pair-spectrometsrs, and are therefore

detected in a separate part of the apparatus. Within this region of confinement,

very fast and highly granular MWPCs are used to track the positrons, and thus

provide a measurement of their momenta. The timing for each positron is given

by finely segmented plastic scintillators. These counters are placed at the two

ends of the chambers to catch the positrons after they have made at least one

pass through the chambers.

MEGA's implementation of the above strategy is illustrated in figures 12 ,13,

and 14, showing respectively a cut-away view, a cross section, and a longitudinal

section of the apparatus. It is a large solid-angle detector, built with cylindrical

symmetry, housed in the 1.85 m diameter bore of a superconducting solenoid

that generates (parallel to its own axis) a 1.5 T magnetic field. The standard

coordinate system adopted to describe the layout has its origin located a.t the

center of the magnet, with y-axis pointing vertically up, and the 2-axis in the

direction of the field. Rectilinear (x,y,z) and cylindrical coordinates (r,<f>,z) are

alternately used depending on which is more convenient. 28 MeV/c muons enter

the detector nearly parallel to the magnet axis from the negative 2-direction. They

are stopped in a thin, plastic target and decay at rest. The stopping of the muons

therefore makes the rest frame of the MEGA detector also the center-of-mass

frame, greatly simplifying data analysis.

The muon beam used by MEGA is focussed to within 5 cm of the z-axis.

Under the influence of the magnetic field, positrons from muon decays (< 52.8

MeV) have a maximum turning radius of 11.73 cm, so they are confined to the

r < 28.5 cm core region of the magnet. This radial limit marks the boundary

between the two arms of the detector. The positron arm contains cylindrical

MWPCs and scintillators. The geometry of the MWPCs are chosen to eliminate

heavy support frames required for planar chambers, which would produce large

quantities of photons when struck by the positrons. To further suppress the

number of photons that point back to the target region, the positron scintillators

and their support structures are limited to within 30 cm of the ends of the 126
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Figure 12: Cut-away view of MEGA detector.
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Figure 13: Cross section of MEGA detector.
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Figure 14: Longitudinal section of MEGA detector.
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cm long positron arm.

The tracks of the positrons form helices, which are reconstructed from the

coordinates of chamber hits. The locations of MWPG wires (laid parallel to

the magnetic field) provide the (x,j/) pairs, while the z-positions are calculated

from the intersection of spiral cathode stripes and the wires. The momentum

of the positron is then derived from the parameters of the helix, and its initial

direction and point of origin are calculated from the intersection between the

track and the target. To preserve good momentum resolution from the dispersive

effects of energy loss and multiple scattering (as well as to keep down the photon

background), the mass of the chambers are kept to a minimum-by using light,

inflatable cathode foils. The segmentation and low mass of the chambers are

expected to yield 0.6% (FWHM) energy resolution for 52.8 MeV signal positrons.

Both the scintillators and MWPCs are designed for speed as to minimize pile-up

from the enormous flux of positrons from normal muon decays. The chambers are

built with very small cells and are operated with a fast gas, so that the read-out

gate width is kept to about 25 ns; the scintillators and their photo-multiplier tubes

(PMTs) likewise can recover from hits within 25 nanoseconds. The combination

of speed and granularity allows the positron arm to operate with a instantaneous

muon rate of 500 MHz (pulsed at 6% duty factor to give 30 MHz average), a

60-fold improvement over that of Crystal Box.

The photon arm fills the remaining bore space (outside that occupied by the

positron arm) with four cylindrical pair-spectrometer. The division into four layers

makes full use of the available volume by creating effectively four independent

detectors, positioned such that pairs produced in any one layer cannot generate

hits in a neighboring layer. The separation also improves the photon energy

resolution by restricting the pairs to interacting with only the converter material

within its own layer, while the total conversion efficiency of the four spectrometers

add together. To further improve photon energy resolution, the total conversion

probability is limited to about 17%. This trade-off is necessary because the rate

increase over that of Crystal Box would offer only limited improvement without

the excellent resolutions to suppress the background.



CHAPTER 3. EXPERIMENTAL DESIGN 32

Isolated from the flux of positrons, the photon arm operates in a relatively quiet

environment, by reasons of the relative scarcity of photons (from radiative muon

decay, external bremsstrahlung, and positron annihilation) and of the reduced

efficiency of the converters. The lower rate enables the use of slower (compared to

MWPCs) drift chambers for tracking the e+e~ pairs, which also trace out helices

in their trajectories. The (x,y) points for the p?ir are now given by the drift

times in combination with the positions of the sense wires (also laid parallel to

the magnetic field) and are used to calculate P±. The Pz components are derived

from the z-positions of hits provided by time-of-arrival differences at the ends

of delay-line cathodes mounted parallel to the drift chamber wires (see section

3.6.2). The overall resolution for the photon energy is limited by fluctuations

of the energy loss by the pair in the converter material itself, and is estimated

to be about 2.5% (FWHM). Timing of the photons is provided by long, 5 cm

wide scintillator bars running parallel to the drift chamber wires. On average,

three scintillators are hit in each event; combining the times for all hit counters is

expected to give photon timing of better than 500 ps (FWHM).

The photon arm's lower rate presents yet another advantage in allowing the

apparatus to be triggered by the detection of a high-energy photon alone, greatly

reducing the trigger rate from that of the raw muon decays. The trigger for

the (i —• cy search is divided into three stages. The first stage uses the fast

signals from the photon scintillators and MWPC to select photons with a large

(> 35 MeV) transverse momentum. A second hardware stage uses the slower

drift chamber signals to eliminate events passing the first stage as the result of

accidental coincidences, noise, and hot channels. Finally an on-line software filter

is used to make a crude reconstruction of the photon and to search for candidate

tracks in the positron arm. This three-stage process is designed to reduce the

average taping frequency to the order of 10 Hz from the original 30 MHz average

stopping rate.

In addition to timing counters in the two arms, more plastic scintillators are

found around the beam pipe at the downstream pole piece of the magnet. These

spatula-shaped IBV (Internal Bremsstrahlung Veto) counters are placed to catch
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low energy positrons that accompany most of those radiative muon decays where

a high-energy photon is emitted. An IBV hit in coincidence with a trigger tags

the photons as one from a fi+ —» e+F/iye7 decay; the event is then rejected during

off-line analysis. In theory, this allows the prompt rejection of 80% of triggers, at

the cost of only 5% of \i —• cy photons. However, the plan to place IBVs on

the upstream end had to be abandoned because the counters there are saturated

by a high flux of stray muons from the beam line. The rejection efficiency is thus

lowered to only 40%.

The MEGA experiment is located in the South cave of the Stopped Muon

Channel (SMC) at LAMPF. The muons in this line are provided by the the A2

production target. SMC is optimized for extracting muons from pion decays at

rest on the surface of the target (it is a surface muon beam), delivering a maximum

instantaneous rate of 3.2 GHz at 6% duty factor, with 800 fis pulses repeated at

60-120 Hz. However, in order to filter out positrons and to prevent muons from

stopping where they can generate background, a beam tune is chosen which can

deliver a maximum rate of 500 MHz (inst.). In addition to surface muons, the

channel can also be tuned for decay muons (muons from pions decaying in-flight),

as well as for a n~ beam. The latter is intended for photon arm energy calibration,

using the charge exchange reaction 7r~p —> 7r°n and subsequent decay of t»1e n° to

obtain photons with 55 MeV < Ey < 80 MeV.

The MEGA data acquisition system is designed around the pulsed beam struc-

ture of the LAMPF accelerator. Data from all the events collected during each

spill are stored locally in the readout modules, and transferred out between spills.

To handle the large amount of data from over 10,000 channels, the system is de-

signed around the IEEE-standard FASTBUS backplane[34] with custom-designed

readout units[35]. High speed processors are used (in the third stage of the trig-

ger) to perform the on-line filtering, lowering the data rate to within performance

limits of commercial tape drives.

The following sections will describe the various components of MEGA design

in more detail. We begin with estimates for background level and the design

sensitivity of the experiment. A brief section on beam and target is next, followed
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by some aspects of the magnet. Descriptions of the photon arm and the positron

arm detectors are then given; the chapter concludes with discussions about the

trigger, the data acquisition system, and software.

3.2 Background and Sensitivity

In some rare decay experiments, finite detector resolution can cause accidental co-

incidences of normal decay products to become indistinguishable from a true signal

event. In such cases, the decay mode in question usually possesses a kinematic

signature that lies just at the edge of the allowed phase space for normal modes.

The search for //+ —» e+7 happens to belong to this class of measurements. The e~f

signature (Ee = 52.8 MeV, E^ = 52.8 MeV, At^ = 0,0^ = 180°, and a common

point of origin at the target) represents an extreme case (with theoretically zero

phase-space for zero neutrino energies) of the allowed inner-bremsstiahlung (IB:

//+ —+ e+T/pi/ef) mode. A combination of IB photon (~ 52.8 MeV) and a positron

near the 52.8 MeV cut-off of ordinary Michel decays (fi+ —>• e+Vtiiyc) can also be

mistaken for a e-y event. The background arises because the physical quantities

cannot be measured with absolute precision, resulting in a small but finite phase

space for false signal events. The selection for true signal events in this type of ex-

periment is performed by applying cuts on kinematic parameters, carefully chosen

to reject accidentals without throwing away too many of of the signal events.

The selection for candidate \i —• e~f events involves cuts on (a) positron energy,

(b) photon energy, (c) photon-positron timing, (d) photon-positron angle, and

(e) electron-positron vertex. The first three criteria are applied directly to the

measured values, accepting events within cuts proportional to the experimental

resolutions (±2er). However, the angle and vertex cuts are more complicated,

because the pair spectrometer gives very poor direction resolution for the original

photon (even though the energy resolution is good); the heavy nuclei needed for

efficient photon conversion tend to cause significant scattering without carrying

away much energy, a characteristic of the pair-production process itself as well as

of subsequent multiple scattering of the e+ and e~ in the converter. The poor
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angular resolution for the photon is nevertheless compensated by a more precise

measurement of the conversion point, allowing (d) and (e) to be replaced by

alternate cuts on (f) A9n = arccos(-ue • u^) (where ue, u7 are the unit vectors

of the initial positron direction and that from the positron decay point to the

photon conversion point), and (g) 6y = arccos (upair • uy) (where upo,r is the unit

vector in the direction of the total pair momentum). These quantities represent

independent pointing cuts respectively for the positron track and photon shower,

where the latter is expected to be the looser of the two.

The main background for the fi —• ef measurement is the random coincidence

of a 52.8 MeV Michel positron with a 52.8 MeV photon. Figure 15 shows the

energy spectrum of positrons from normal muon decay (radiative correction ne-

glected). This spectrum rises to a local maximum at 52.8 MeV before dropping

off abruptly. The dominant source of photons is the internal-bremsstrahlung (IB)

muon decay fi+ —> e*"vtlve'y. In contrast to the distribution of Michel positrons,

the IB photon spectrum approaches zero continuously at 52.8 MeV (characteristic

of bremsstrahlung processes). In fact, the approach is roughly linear at the end

point. These spectral shapes imply that the fi —+ e*y background level is roughly

proportional to AEe x AE*, where AEe,AE~, are the acceptance energy cuts for

the candidate positron and photon respectively. The quadratic dependence on

the photon cut makes the photon energy resolution a crucial parameter in the

determination of the background level.

Another source of background photons is the annihilation-in-flight of positrons.

Each annihilation process typically produces one hard photon in a direction very

close to that of and with most of the energy of the incident positron. The resulting

energy spectrum therefore resembles a Michel spectrum, but is softened by the

finite angular distribution of the photons. Figure 16 shows a plot of the integrated

number of photons produced per muon decay vs. the lower integration limit (of

photon energy) for the two sources. For an energy resolution close to that of the

Crystal Box Experiment, the IB photons dominates over annihilation by about an

order of magnitude; but for a design resolution of 2.5%, the annihilation contri-

bution becomes significant (about 30%). With the IBV off-cuts, the annihilation
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Figure 15: Ideal energy spectrum of positrons from normal (Michel) muon decay.

photons are expected to give approximately equal contribution to the background

as IB photons. Apart from IB and annihilation, other photon sources exist, such

as positron external bremsstrahlung, cosmic showers, and (n, 7) reactions; their

contributions are however expected to be at least an order of magnitude lower.

The expected background level for the \i —• e~f measurement is given by the

following expression:

Pe

Pt

Pbkg = P-, X Pe* Pt X /e-, X fy X PtBV ,

probability per muon of photon above energy cut,

probability per muon of positron above energy,

probability of random time coincidence,

probability of random A ^ coincidence,

probability of photon pointing to random positron,

inefficiency of the IBV.

(8)
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Figure 16: Integrated energy spectrum of photons from fi+ —»• e+vfli'e'y (solid
curve), and positron annihilation-in-flight (dotted curve).
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Pe, Pt, and fe-t can be calculated in terms of simple expressions involving the cuts,

Pe = 1 - 2x3
e + x\ , (9)

Pt = B x At,

^ * ^ (11)

where i c is the minimum positron energy limit (in units of M^/2), B the instan-

taneous beam rate, At the time coincidence window, and 6C the cut on A#e-y- P-y

can be extracted directly from figure 16. The value of PJBV reflects the absence

of IBV counters upstream and the 20% inefficiency of the 20 ns gate on the coun-

ters. Lastly, jgamma is derived from the fraction of target area illuminated by a

10° divergence on trace-back from the pair direction.

Table 4 summarizes the design specifications for MEGA in comparison with

those of the Crystal Box and fief-I experiments. The obvious improvement in

the expected energy and angular resolutions are attributed to the superior perfor-

mance of wire chambers over Nal calorimeters. Using the listed values for MEGA

and applying ±2a cuts, equation 8 yields a background level of 2.1 x 10"13 per

muon stop, roughly equal to the expected fi —* e-) sensitivity; therefore only a few

background events are expected during the live time of the experiment. Table 5

gives the breakdown of this calculation, which shows MEGA to be essentially

a background-free measurement where for nearly the entire running period, the

sensitivity improves at the pace of 1/T. In contrast, the Crystal box measure-

ment was background-limited, where the sensitivity became proportional to l/y/T

(71=running time) after only the first 10% of beam time; the l/y/T reflects the

need for a maximum likelihood analysis in such a case.

In the absence of background, the 90% confidence limit on the /x —» e*y branch-

ing ratio would be given by:

r/ree(90%) = 2.3/JVM , (12)



CHAPTER 3. EXPERIMENTAL DESIGN 39

Table 4: Comparison of MEGA parameters with previous \i —• e7 experiments.

Property

Ee resolution (%)
Ey resolution (%)
AT,^ resolution (ns)
e+ position resolution

at target (mm)
e+ angular resolution

including scattering
in the target (°)

7 conversion point
resolution (mm)

0n resolution (°)
7 direction (°)
IBV inefficiency
fractional solid angle

x detection efF. (%)
ave. /x stop rate (MHz)
running time (106s)
Branching ratio sensitivity
Background events (±2<r cuts)

MEGA

0.6
2.5
0.8

2.0

0.6

3
0.6
10
0.6

5
30
12
3 x 10"13

«2.5

Xtal Box

8
8
1.1

2.0

1.3

25
8.0
—
0.5

20
0.5
2
4.9 x 10""
«50

fie-r I

9
8
2.0

3.0

1.3

76
3.8
—
—

1.8
2.0
1.1
1.7 x 1O"10

R5 10

All resolutions quoted in FWHM
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Table 5: Calculation of background level

parameter cut (±2cr) background efficiency

AE,(MJ2)
AEe{MJ2)
A$^(°)
07(°)
Atey (ns)
IBV cut

±0.021
±0.0051

<1.0
<10

±0.68

2

7

.5 x 10~6

0.010
.6 x 10"5

0.3
0.68
0.6

0.60
0.92
0.80
0.96
0.97
0.97

2.3xlO~13 0.40

here N,, is the number of useful muon decays observed, and

Nstop X fle-y X T)paiT X TJe X Tfr X IJ^t

V X £ X T X fin X T}pair X 7?e X Ifr X (13)

The definitions and values of the factors in equation 13 are listed in table 6.

The 53% fractional solid angle is determined by the 10° < A < 45° cut, where

A = arcsin (\PZ\/P) is the pitch angle of the ey pair measured from the ij/-plane.

The net efficiency of kinematic cuts, TJCU1, is derived from the values in the last

column of table 5). The rather poor E^ cut efficiency of 60% reflects losses re-

sulting from secondary processes in the converter material not accounted for in

the quoted conversion probability. Another factor of 60% appears for the photon

reconstruction; the low efficiency is due mostly to assymetric energy sharing by

the pair (the distribution is roughly flat) where one of the two particles has too

little energy to allow reconstruction of its track. This calculation gives an ultimate

sensitivity of 3.1 x 10~13 for a total running period of about 140 days (1.2 x 107

seconds).
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Table 6: Calculation of number of useful muon stops.

factor value definition

v 500 MHz inst. muon stopping rate
e 0.06 accelerator duty factor
T 1.2 x 107 s total running time

Natop 3.6 x 1014 total number of muons stopped

Hey 0.53 n —* e7 fractional solid angle
T)pair 0.173 pair-conversion prob. x trigger efficiency
T]e 0.95 fj, —• ef positron reconstruction efficiency
T)y 0.60 /i —* ej photon (pair) reconstruction efficiency
rjcut 0.40 cut efficiency (see table 5)

Np 7.5 x 1012 Number of useful muon decays
3.1 x 10~13 90% confidence branching ratio limit
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Figure 17: 90% confidence branching ratio sensitivity as function of running time
for MEGA and the Crystal box.
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Figure 17 shows the comparison of the sensitivity as a function of running time

between MEGA and Crystal Box. It clearly shows the advantage of a background-

free experiment over one that is background-limited. For MEGA, background

suppression is the key factor that allows profitable use of the full beam rate avail-

able at LAMPF. For this reason, each component is designed with good resolution

as the primary criterion, even at the cost of reduced acceptance and efficiency.

3.3 Beam and Target

For the /J. —> cy measurement, MEGA is designed to accept a surface muon beam

of up to 3 x 107/i+/s (average rate). The beam is required to have high muon

purity (n : e > 10:1), and must be focussed to to less than 5 cm in radius when

entering the magnet. Contamination from positrons can cause a large increase in

the rate seen by the positron arm MWPCs, and must be filtered out to prevent

the pile-up in the chambers from getting worse. The beam must also pass through

the lead shields (5 cm radius) on the inside of the entrance beam pipe (put there

to absorb positrons after they strike the plastic scintillators) without scraping,

so that the whole beam can be stopped cleanly in the target without losses and

without bringing along a halo of stray muons and secondary particles.

The surface muon beam produced by SMC normally contains ten times more

positrons than muons, all with an average momentum of 28.5 MeV/c. The

muons, because of their much greater mass, are traveling at a much lower speed

(/? = 0.26), while the positrons are highly relativistic (/? > 0.9998). To take

advantage of this difference in speed, the beam is shaped to a pancake configura-

tion (flat in the vertical direction) on exit from the channel magnets (those shared

with other SMC caves), and is filtered by a 200 kV E x B separator. The fields

are matched to deflect positrons vertically but to pass 28 MeV/c muons. A final

pair of quadruples are placed between the separator and the magnet to transform

the filtered beam back to a circular cross section. The muon beam delivered to

the target now contains less than 10% positrons. It should be mentioned that, at

28.5 MeV/c, the total distance from the production target to the MEGA detector
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exceeds 20 times the lifetime of 7r+; pion contamination of the beam is therefore

negligible.

When tuned for maximum rate, SMC is capable of supplying an average rate

of 2 x 108 /x+/s. With this tune, however, the beam has the wrong shape (it is

flattened in the horizontal direction) for the separator, and has too big a cross

section to be passed through the separator, the last quadruples, and the 5cm

radius beam pipe cleanly, stopping a large number of muons at the entrance

of the magnet. The positrons from the subsequent decay of these muons would

interact with lead in the beam pipes and inject a large number of photons into the

pair spectrometers, overwhelming the scintillators and wire chambers. In order to

deliver a high purity muon beam to the target cieanly, a different tune is used that

restricts the spot size early on, limiting the maximum average rate to 3 x 10' fi+/s.

With this tune, the beam spot at the target is limited to about 3 cm in radius.

The final focussing is achieved by the combination of the extra quadruples and

the solenoid itself. Without the 1.5 T field, there would be significant scraping in

the beam pipe upstream of the target.

The target for the /x —> e~f experiment is a 3 mil thick piece of mylar (C5H4O2).

It is cut to an oval shape and placed with its normal vector rotated by 78° from

the z-axis; it appears circular when seen along the direction of the beam. The

rotation of the target serves two purposes: (a) to minimize the amount of mate-

rial traversed by decay positrons as they loop through the region of the target,

(b) to improve the A6^ resolution, and (c) to extend the target surface area and

thereby enhance the power of the photon trace-back cut. The first of these con-

siderations is crucial to the experiment because an excess of target material would

seriously increase the background photon rate and, to a lesser extent, degrade the

positron energy resolution. The second is an observation from Monte Carlo re-

sults showing that vertical targets and helical tracks badly degrades the resolution

of the initial positron direction, resulting in a variation of A6e^ of 6° (FWHM).

For MEGA, the beam line is tuned to accept a ~10% momentum bite, delivering

muons with momentum of 27-30 MeV/c; these muons have ranges varying from

107 to 159 mg/cm2 of mylar. The beam is first slowed by a vacuum window of 1
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mil mylar and 5 mil aluminum on entry into the magnet. Inside the magnet, it

traverses 66 cm of helium gas and 16.5 mils of mylar degrader sheets, and finally

coming to rest in the target which presents 50 mg/cm2 (15 mils of mj> *ar) parallel

to the beam direction.

For tests, several circular targets normal to the beam are also used. All of

these are made of 15 mils of mylar. One of these test targets contains a 7/8"

diameter hole used for assessing the position resolution of the positron arm cham-

bers. All of these targets are suspended in 1 mil mylar tubes (exception: 0.5 mil

for the slanted target) and are kept in place by inflating the tubes with a 80 torr

overpressure. This design minimizes the amount of material used for mechanical

support and suppresses the degree of multiple scattering in the target region. The

mylar degraders, which account for more than 75% of the stopping power before

the target, are in mounted at the upstream face of the tubes, residing inside the

lead beam pipe. This placement takes advantage of the magnetic field to confine

the divergence of the beam as it passes through the degraders (without actually

intruding into the active detector volume), and is particularly convenient since

the target tubes can retracted without incurring excessive down time.

3.4 Magnet

The MEGA magnet is a large-bore, segmented-coil superconducting solenoid op-

erated at 4°K with its coils immersed in liquid helium. It was formerly used in the

Large Aperture Solenoidal Spectrometer (LASS) at the Stanford Linear Acceler-

ator Center (SLAC)[36], configured with four coils and operated at 2.2 T. After

acquisition by MEGA, it was refitted with only three of the four original segments

and made symmetric by filling the LASS open aperture with iron. This magnet

became available at the time of initial planning of MEGA; it had roughly the right

dimensions and field strength (run at 1.5 T for MEGA) needed for the two-arm

detector, and was transferred to MEGA with a full complement of support com-

ponents. The only additional equipment purchased by MEGA was a new liquid

helium refrigerator. The parameters of the magnet in its present configuration
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are listed in table 7.

Apart from being approximately the right size for MEGA's needs, the LASS

magnet was chosen also for its field uniformity. The variation in the field strength

is limited to less than 0.2% at the center magnet, and about 1% in most of

the photon arm region; it is therefore well matched to the expected resolution

for the MEGA detector. Field uniformity is especially critical for our ability to

handle high-rates, because the on-line filter code would be slowed substantially

by references to field maps during track fitting. More dramatic increases in CPU

requirement can be expected if the degree of non-uniformity should warrant aban-

doning of the approximation of tracks as helices. This issue really applies only to

the positron arm portion of the filter code, as the on-line photon reconstruction

does not perform precision track fitting; the cell positions alone, and not the drift

times, are used to fit circles to the pair.

Figure 18 gives the result of a Monte Carlo calculation that was run to as-

sess the seriousness of the field non-uniformity. For this simulation, a field map,

compiled from an extensive Hall-probe survey, was used to propagate 52.8 MeV

positrons through the positron arm MWPCs. The resulting track was fitted to

an ideal helix to determine the apparent energy. The plot in figure 18 shows the

distribution of the error incurred in the energy measurement from the simplified

fits. It is clear that nearly all events fall within ±30 keV of the actual energy.

The appearance of the high-energy tail is attributed to a small number of events

with positrons that reach the ends of the positron arm where the weakened field

strength causes their orbits to become slightly expanded, resulting in higher ap-

parent energies. With an expected resolution of about 300 keV, this effect can

clearly be neglected for the more conservative on-line cuts. Field-map corrections

are however expected for the final pi —* ey off-line analysis.

Even though the correction in the positron arm is limited to tens of KeV in

energy deviation, the effect in the photon arm is anticipated to be much larger.

The greatest deviations are expected in the outermost pair spectrometer, where

the perfect solenoid approximation breaks down. For the 1990 data set, no field-

map corrections are made, owing to the the very poor resolutions of the data
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Table 7: Parameters of the MEGA magnet

clear bore diameter
total length(iron)
clear bore length

central field
operating current
total inductance

total liquid He volume
fill and cool down time
charging time
total weight of iron

winding configuration
conductor type

conductor Cu-to-
NbxTi ratio

conductor current density
conductor length
conductor weight

1.85 m
4.06 m
2.89 m

1.5 T
1178 A
17 H

4000 1
15 days
25 min
200 tons

pancake
cryostatically
stabilized composite,
multifilament wires

20:1

~ 4000 A/cm2

~29 km
~10000 kg
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Figure 18: Deviation incurred in the measured energy of 52.8 MeV positrons by
neglecting non-uniformities in the magnetic field.
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resulting from (a) the lack of accurate z-readout in the photon arm, and (b) over-

constraining trigger geometry in the positron arm. These problems, which made

field corrections unimportant in the analysis, will be discussed in later chapters.

Through the various test runs since 1987, the MEGA magnet has undergone

several warming-cooling and hundreds of field on-off cycles. It has given absolutely

no difficulties at all during operation.

3.5 Pair-spectrometer

Figure 19 shows a cross section of the innermost layer of the photon arm. The

four layers are identical in design, differing only in radius. Each pair spectrometer

consists of four major components: (a) converter layers, (b) plastic scintillators,

(c) MWPC and (d) drift chamber. The operation of the photon arm is illustrated

in figure 19, where a photon produces an e+e~ pair in the inner converter layer.

The resulting pair, under the influence of the 1.5 T magnetic field, move along

helical trajectories, registering hits in the MWPC and drift chamber. The pho-

ton energy is extracted from the total energy of the pair, determined from the

reconstructed helices; the time of the conversion is provided by the scintillators

with appropriate time-of-flight correction applied. Each hit scintillator in fact

gives an independent measurement of the conversion time; therefore by averaging

the results, the timing resolution of the photon arm is improved to about 0.5 ns

(FWHM) from the 800 ns for individual counters.

In addition to its active role as timing devices, the photon scintillators also

serve a passive role-absorbing or retarding the charged particles after their first

half revolution through the chambers. If left undisturbed, the particles will return

to the original azimuth of the the vertex, and contaminate the information used

to determine the vertex position.

The hits in the pair spectrometers are predominately from conversion of pho-

tons in radiative (IB) muon decays. As the consequence of the QED suppression

of the generating process, and low conversion efficiency, the photon arm sees a

relatively low rate and therefore does not incorporate any special feature designed
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Figure 19: Cross section of pair spectrometer layer 1.
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to handle a high-flux of particles. The only speed requirement for the scintillators

and MWPCs are therefore those for optimizing time resolution of the photon arm

and for meeting the specifications of the fast trigger circuitry.

The geometries of the four pair spectrometers are summarized in table 8. All

four layers are centered on the z-axis. The radii are chosen such that the showers

from 52.8 MeV (or lower energy) photons cannot generate chamber hits in an

adjacent layer. Structurally, the pair spectrometers are held together by two low-

mass composite cylinders and an outer aluminum cylinder, all mounted between

aluminum endcaps. The scintillator are seated on the aluminum shell of the

preceding spectrometer layer; an extra cylinder is provided for layer 1 counters.

The extra 1.5 mm layer of aluminum also provides additional absorber material to

slow th pair after it passes through the scintillators. The MWPC lies just outside

of the scintillators, between the two composite cylinders. These cylinders serve

three roles: (a) they confine the gas volume of the MWPC, (b) the serve as the

substrate for the cathode foils of the MWPC and drift chamber, and (c) they serve

as the support matrix for the converter layers.

The drift chamber is located just beyond the second of the two composite

cylinders, whose outer surface supports the cathode foil for the inner celis. The

chamber is divided into three layers of cells, named individually as DCl, DC2 and

DC3. They share a common gas volume bounded on the outside by the aluminum

shell. The space between DC3 and the shell provide extra turning volume for

pairs created in both the current layer and the next one.

Summing up the total number of drift chamber wires and scintillator from

table 8, the four photon layers require altogether more than 7500 channels of

TDC readout. At $150/channel, instrumenting all of these individually would

be prohibitively expensive (> $1.2 million including FASTBUS racks); and given

the sparse nature of photon arm events, this would not be a wise investment of

funds. Instead, the photon arm FASTBUS electronics is multiplexed within each

spectrometer by factors of 4,4,8 and 8 for the four layers. The fan-in for the

elements is spatially correlated; for instance, the first drift chamber wire of each

quadrant in layer 1 would be read out using the same TDC channel.
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reference radius:

scintillator info:
number:
taper angle (deg):
inner edge:
inner radius:
outer radius:

inner Pb-loaded cylinder:
inner radius:
outer radius:
Pb thickness:

outer Pb-loaded cylinder:
inner radius:
outer radius:
Pb thickness:

MWPC layer:
number of channels:
number of wires:
wire radius:
wire spacing:
chamber inner radius:
chamber outer radius:

drift chambers:
channels per layer:
delay line info:

inner circum.:
width:
radius:

DC 1:
sense wire radius:
sense wire spacing:
cell inner radius:
cell outer radius:

DC 2:
sense wire radius:
sense wire spacing:
cell inner radius:
cell outer radius:

DC 3:
sense wire radius:
sense wire spacing:
cell inner radius:
cell outer radius:

arm 1

32.000

40
4.50

5.037
32.000
33.000

33.557
33.880
0.0254

34.465
34.934
0.0254

416
832

34.173
.2581

33.880
34.465

208

219.497
1.0553
34.934

35.334
1.0674
34.934
35.734

38.134
1.0915
35.734
36.534

36.934
1.1157
36.534
37.334

arm 2

47.948

60
3.00

5.026
47.948
48.948

49.505
49.828
0.0254

50.413
50.882
0.0254

640
1280

50.121
.2460

49.828
50.413

320

319.701
.9991

50.882

51.282
1.0069
50.882
51.682

52.082
1.0226
51.682
52.482

52.882
1.0383
52.482
53.282

arm 3

63.369

80
2.25

4.980
63.369
64.369

64.926
65.249
0.0254

65.834
66.303
0.0254

832
1664

65.542
.2475

65.249
65.834

416

416.594
1.0014
66.303

66.703
1.0075
66.303
67.103

67.503
1.0196
67.103
67.903

68.303
1.0316
67.903
68.703

arm 4

78.820

98
1.84

5.055
78.820
79.820

80.377
80.700
0.0254

81.285
81.754
0.254

1024
2048

80.993
.2485

80.700
81.285

512

513.676
1.0033
81.754

82.154
1.0082
81.754
82.554

82.954
1.0180
82.554
83.354

83.754
1.0278
83.354
84.154

All dimensions are in centimeters unless otherwise indicated

Table 8: Summary of photon arm geometrical parameters
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3.5.1 Converter

The two important parameters for the converter layers are (a) type of material

and (b) thickness. The choice of material is determined by the requirement of

maximizing the ratio of pair-production cross section to the amount of material

seen by the converted pair (i.e. its bremsstrahlung cross section). This criterion

clearly favors a high-Z element. The actual material chosen by MEGA for this

purpose is lead, since it is the heaviest radio-stable element and also because it is

soft and relatively easy to embed into the MWPC cathode cylinders.

The converter thickness is a matter of compromise between the the desire for

greater conversion probability and the need to minimize pair-converter interac-

tions. Interaction with the converter material can cause significant energy losses

by the pair, and even produce additional particles (the event in figure 22 produced

an extra hard photon); in a significant number of cases (the fraction depends on

the average amount of material traversed), the reconstructed energy of the pair

can deviate significantly from that of the original photon. For signal photons,

the observed energy can fall outside acceptance cuts, where then the event is lost.

Fortunately, these secondary interactions do not introduce additional background,

because muon decays do not produce photons with energy exceeding 52.8 MeV

that can be mistaken for a signal photon through energy loss.

Figure 20 summarizes the situation. The solid line gives the probability of

conversion of a 52.8 MeV photon in Pb as a function of thickness, while the

dotted curve shows the survival probability for the resulting pair (probability for

pair to leave the converter with less than 2 MeV of bremsstrahlung loss). The

product of these curves, which gives the net converter efficiency for 52.8 MeV

photons is shown as the dashed curve. Clearly, using more than 0.1 Xo (0.056

cm) of Pb would not improve the net conversion efficiency and can only worsen

the energy resolution.

In the actual construction of the converters, each spectrometer is given two

separate layers of lead. Each 10 mils sheet is embedded in the MWPC cylinders.

The total of 80 mils of lead gives a total detection probability (product of con-

version probability with trigger efficiency) of 17.3% for 52.8 MeV photons. With
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Figure 20: Plot of probability of pair-production (solid), pair survival probability
(dotted), and net conversion efficiency (dashed) versus converter thickness, for
52.8 MeV photons
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bremsstrahlung losses and a ±1.1 MeV energy cut, only 60% (the E^ cut efficiency

in table 5) of these events survive, giving a net efficiency of 10.4%. MWPC hits (or

absence thereof) in the vicinity of the conversion point allow for the identification

of the layer in which the production took place, so that energy loss corresponding

to either 5 or 15 mils of lead (with angle of exit correction) can be added back

to the reconstructed energies. This graded correction reduces uncertainty in the

actual energy loss by about a factor of three and improves the energy resolution

(note the average energy loss in 10 mils of lead by a minimum ionizing particle is

325 keV).

3.5.2 Scintillators

The photon scintillators provide both the photon arm timing as well as a part of

the primary trigger for the MEGA detector. Each scintillator barrel is divided into

5 cm x 1 cm bars, which have tapered cross-sections to allow close packing. The

segmentation is necessary to provide independent timing for both the converted

e+ and e~, and the pattern of hit scintillators can be recognized by programmed

logic.

The length of the scintillator bars (180 cm) leads to propagation delays large

compared to the 0.8 ns resolution for A ^ and introduces a position-dependent

offset. This situation is remedied by instrumenting both ends of a counter with

PMTs. The signals from the two ends are both sent to TDCs and to \ fast

mean-timer. The mean times are in turn fed to the trigger module for on-line

pattern recognition, and, without multiplexing, to latch modules to help resolve

some of the ambiguities caused by the multiplexing of analog signals. In addition

to the mean times, the separate read-outs from the two ends also provides a time

difference that can be used to calculate a rough (±10 cm) z-position for the hit.

Aside from the propagation delays, the length of the scintillators can also

lead to substantial light loss through scatter and absorption. For this reason, a

low attenuation material (Bicron BC-412) was chosen[37]. Speed of response was

the other consideration in this choice, as well as that for the PMTs[38]. Another

feature peculiar to the MEGA photon scintillator system is the use of 3 meter long
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fiber optic light-guides[39]. The presence of the 1.5 T field makes it impossible for

any available PMT to operate inside the magnet. Even when shielded by the iron

walls, the field just outside the magnet is still more than 500 gauss. The PMTs

are therefore mounted at more than 2 m from the axis of the magnet in 1/2"

thick soft iron pipes, coupled to the scintillators through the 3 m lightguides. The

combination of distance and metal reduces the field seen by the tubes to less than

one gauss. The various parameters of the scintillator system are listed in table 9.

Because of the localization of photon showers, the PMTs frequently see mul-

tiples hits. Overlapping of hits deforms the shape of signal pulses and rules out

the use of constant-fraction discriminators (CFDs). A leading-edge discriminator

(LED), on the other hand, is subject to pulse-height slewing in its timing (about

1.5-2 ns over the full dynamic range). To correct for this walk error, tube signals

are also sent to ADC modules for later software adjustment.

3.5.3 MWPC and Drift chambers

The photon arm MWPC serves three purposes: (a) to provide the trigger system

with fast signals from the converted pair of finer granularity than is available from

scintillators, (2) to allow identification of conversion layer and subsequent dEjdx

correction in software; and (3) to provide redundancy in track reconstruction.

Both of the latter roles can be filled by a drift chamber, which would be easier

to construct and to operate. However, a small-gap, fine-wire MWPC is more

compatible with the speed requirement (for collection time < 80 ns) of the trigger.

Table 10 summarizes the design for the MWPC. The final choice of chamber

gas remains to be determined between freon-isobutane used by the positron arm

MWPCs and a cheaper argon-methane-isobutane mixture; however, the frequently

used argon-ethane mixture has been ruled out for being too slow to meet the

trigger requirement.

The signals from the MWPC are sent both to the trigger logic and to latch

modules for taping. For use in the trigger, the signals are ganged in groups of

four, this is because the 5 mm wire spacing is chosen for speed rather than for

position resolution. The latch read-out, unlike that for the photon scintillators,
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Table 9: Parameters for the photon scintillator system.

scintillator
material
peak of emission spectrum
light output
bulk attenuation length
rise time
decay time
index of refraction

phototube
model
diameter
spectral response

anode pulse rise-time
electron transit time

fiber-optic light guides
model
unit length
fiber diameter
acceptance cone
core material
core refr. index
cladding material
cladding thickness
attenuation

average number of photons
seen at each tube

efficiency of system

Bicron BC-412
434 nm
80% anthracene
400 cm
1.0 ns
3.3 ns
1.58

Hamamatsu R1355
2.8 cm
300-650 nm
(peak at 420 nm)
2.0 ns
23 ns

Mitsubishi Rayon EK80
3 m
2 mm
31° half-angle
polymethylmethacrylate
1.495
fluorinated polymer
21 fun
<0.25 dB/m at 434 nm

20-30
>98%
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Table 10: Photon arm MWPC parameters

chamber length 177 cm
wire type 1 mil Au-W
wire tension 100 grams
wire spacing 5 mm
half gap 3.5 mm
chamber gas CF4(57%)+C4HiO(43%)

or: CH4(67%)
+C4H,O(17%)+Ar(16%)

is multiplexed and therefore cannot be used for unscrambling the multiplexing

sequence of the photon shower. They do however provide redundant information

for reconstruction of the pair.

The photon arm drift chamber is the primary device for tracking of the con-

verted e+e~ pair, and hence provides the energy measurement of candidate pho-

tons. The three layers of drift cells are packed in a regular rectangular grid

(ignoring the curvature) as shown in figure 19. Studies have shown that this

arrangement is better for resolving left-right ambiguities of helical tracks than a

staggered pattern (with adjacent layers offset by 1/2 cell), which would be superior

for straight tracks.

The parameters of the drift chambers are summarized in table 11. The positive

high voltage is applied to the anode wires, with the cell corners held at -150V to

symmetrize the field in the cell about the wire. A smaller gauge was chosen for the

DCl wires to increase the gas gain, because the delay lines require more ionization

on the wire itself to achieve full efficiency. The sense wires are read out to TDCs,

and to the second stage trigger for crude hardware identification of pairs.

The energy of the incident photon is calculated by reconstructing the helical

tracks traced out by the e+e~ pair. The drift times and cell locations are used

to fit the circular x-y plane projections of the tracks. The maximum drift time
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Figure 21: Monte Carlo prediction of difference between reconstructed and actual
energies for 52.8 MeV incident photons.
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Table 11: Parameters of the photon arm drift chambers.

cell width
cell height
length of chamber
chamber gas
field wire

material
tension
voltage

sense wire
material
tension
voltage

10 mm
8 mm
177 cm
Ar(57%)+C2H6(43%)

4 mil Cu-Be
250 grams
corners: -150 V
sides: grounded

1.3 mil Au-W (1.0 mil for DC1)
200 gm (100 gm for DC1)
~ +2150 V

(in the presence of the i.5 T magnetic field) in the chamber is roughly 350 ns,

while the position resolution provided by the drift time read-out is about 200

/xm (FWHM). The longitudinal momenta are determined from the z-coordinates

of DCl hits measured by the delay-line cathodes (see below) to 3 mm precision

(FWHM). The resulting energy resolution is in fact limited by energy loss in the

converter material, and not by the position resolution of the chamber. Figure 21

shows the Monte Carlo predictions for reconstructed energy spectrum for 52.8

MeV incident photons. It contains a rather long low-energy tail which accounts

for most of the 40% loss tor a ±2a photon energy cut (see table 5).

The delay lines, which measure z-positions of DCl hits (and thus provide Pz

for the photon), are segmented into longitudinal strips, one per drift cell. Each

strip is fabricated from a 3 mil thick kapton substrate with 1.34 mil copper traces

on both sides[40]. The traces are photo-etched to form square-wave patterns

with a period of 1 mm. The z-positions of DCl hits are obtained by taking the

difference in propagation times of the signals to the two ends of the delay line. The

actual propagation speed through the trace is about 13 cm/ns, but the zig-zagging
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increases the total distance covered by a factor of 19 from the actual length of

the strip. Therefore, a hit at one end of the 177 cm long chamber would induce

a time difference in the two ends of the delay line of about 250 ns. In addition

to providing the longitudinal momenta, the delay line read-out also provides a

precise z-position for the pair conversion vertex, which is used in the on-line filter

cuts, and is essential for achieving good AOe-, resolution.

3.6 Positron Arm

Whereas the photon arm operates in a relatively quiet environment, the positron

arm in contrast sees an enormous flux of particles. This is because a positron is

produced in every muon decay and each, under the action of the 1.5 tesla magnetic

field, makes an average of two loops through the chambers. The large number of

tracks poses a particularly difficult challenge for the task of pattern-recognition.

In addition, the amount of ionization generated by the high flux can degrade the

performance of wire chambers and is potentially damaging to them. The need to

tolerate high-rates is therefore a dominant concern in the design of the positron

arm in addition to the requirement for good energy resolution.

Figure 22 shows the cross-section of the the positron arm where the magnetic

field points into the plane of the drawing. The tracking is performed by a set of

seven smaller cylindrical MWPCs placed symmetrically around a larger central

one, in a manner analogous to a revolver with seven chambers surrounding the

barrel. The eight chambers are affectionately named "Snow White and the seven

dwarfs"; this nomenclature will be used for the duration of this report. The timing

scintillators are arranged in two cylindrical shells surrounding the entrance and

exit beam pipes, fitted just inside the radius of the Snow White chamber.

In figure 22, a positron emerges from the target region and revolves in a

counter-clockwise sense under the influence of the field. It leaves chamber hits

in two of the 7 dwarf chambers as well as in Snow White, and finally strikes one

or more timing scintillators. The entrance and exit beam pipes are lined with

a thick shell of lead and tungsten-alloy cladding to absorb the positrons after
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Figure 22: Cross section of positron arm
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they penetrate the scintillators, and any shower thereby generated. Without the

absorber, the passage of positrons through the scintillators can generate many

photons that would increase the photon arm background rate to unacceptable

levels.

Table 12 summarizes the geometrical parameters of the positron arm. The

size and position of the dwarf chambers are chosen to match the curvature of

the positron trajectories as to catch as many tracks as possible at near-normal

incidence, since crossings at large incident angles traverse many cells and give poor

position resolution. The reduced multiplicity is one of the advantages of off-axis

dwarf chambers over larger, centrally placed chambers for tracking in the outer

regions of the positron arm.

3.6.1 Scintillators

The positron scintillators are designed to provide timing for the positron tracks

to a resolution of about 600 ps FWHM. With an instantaneous beam rate of

500 MHz, Monte Cano simulations show that the total instantaneous rate seen

by each scintillator barrel would be roughly 100 MHz, far too high a rate for

any single scintillator to handle. For this reason, each of the two scintillator

barrels is divided into 90 strips, where each strip now sees about one MHz, which

is sustainable. The segmentation is clearly also necessary to provide individual

tracks with an independent time; a single or a few segments employing multi-hit

TDCs would still not suffice for this task since it could not supply the necessary

spatial correlation between the track and the scintillator hit.

figure 23 shows the the end-on view an enlarged scintillator strip, The strips are

each 30 cm in length, and are approximately rhomboidal in cross section with an

acute angle of roughly 60°. The bevel shape of the strips are designed to match the

entry angie of positron tracks in order to reduce the amount of corner clipping on

neighboring strips, and thereby minimise the multiplicity of hits. The orientation

of the tilt is therefore the only parameter of the MEGA detector system that

is dependent on the direction of the magnetic field. The sides of the strips are

tapered by about 2° to allow close packing into a cylindrical shell.
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Table 12: Geometric configuration of positron arm

scintillators:
no. of strips per end
inner shell radius
outer shelJ radius
z coverage

MWPCs:
chamber length
chamber radius

radial offset of
dwarf chamber centers

<j> position of
center of dwarf N

wire type
wire spacing

half gap
cathode foil
cathode stripe width

cathode stereo angle

chamber gas

90
8.842 cm
9.736 cm
±[33-63] cm

126 cm
11.138 cm (Snow White)
5.982 cm (dwarfs)

19.126 cm

(JV- l ) /7x360°
15 fim Au-W
1.041 mm (Snow White)'*
0.979 mm (dwarfs)
1.778 mm
Cu(200 nm)+kapton(25/zm)
2.7 mm (Snow White)
2.8 mm (dwarfs)
29.05° (Snow White)
16.61° (dwarfs)
CF4(80%)+C4Hlo(20%)

"Snow White wire spacing was 2,082 mm in 1990
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0.678 cm
outer edge

0.894 cm

122.5

0.615 cm
inner edge

Figure 23: Cross section of a positron scintillator strip

The ends of the positron scintillators are subjected to even higher magnetic

fields than for the photon scintillators. The phototubes are therefore also mounted

away from the magnet, coupled to the scintillator strips through fiber-optic light-

guides. Despite the disparity in size of the scintillators, the same phototubes and

lightguides are used as for the photon scintillators. The material used for the

strips is Bicron BC-408, a close relative of the BC-412 used in the photon arm,

differing only slightly in light output (64% anthracene), attenuation length (380

cm), emission peak (425 nm) and speed (0.1 ns rise, 2.1 ns decay)[37].

Each positron scintillators is instrumented only at the end away from the center

of the magnet, with the near end blackened to kill the reflected pulse which would

otherwise compromise the timing resolution. The propagation delay (up to ~2 ns

for 30 cm) is corrected by determining the z position of the scintillator hit from

the reconstructed track. The phototube outputs are also subject to significant (~

2 ns) pulse-height slewing in the timing. This will be corrected by running the

signals to both TDCs and ADCs as is done for the photon scintillator output, and

making the required adjustments in software.
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3.6.2 MWPC

The design and construction of the positron arm MWPCs is a state-of-the-art

development project. The combination of size, resolution and high rates makes

this a unique detector system never yet attempted elsewhere. The following para-

graphs will give a cursory introduction to the chambers, leaving details of the

design considerations, construction, and electronics to a later chapter dedicated

to this purpose.

MWPCs were chosen for tracking the positron principally as a compromise

between the need for speed (in order to minimize pile-up from the 500 MHz decay

rate) and the need for good resolution (to minimize background). A drift chamber

would offer better tracking resolution, but would be far too slow to allow running

with the full intensity of the LAMPF muon beam. In fact, the amount of multiple

scattering in the system would nullify most of the improvement gained in position

resolution by the use of drift chamber.

The momentum determination in the positron MWPCs consists basically of

reconstructing helices from the chamber hits. To fully exploit the speed of MW-

PCs, the MEGA design restricts chamber read-out to latches only, as TDCs or

ADCs would be too slow and too costly to be considered. In this way, circles

(the projection of the helix onto the x-y plane) are fitted using the centroids of

wire hits. The spacing of the wires is therefore chosen to match roughly the

expected deviation between successive revolutions caused by multiple scattering.

The pitch angle of the helix is determined by fitting the z positions and u angles

(the rotational angle about the center of the circle) of chamber hits to a straight

line.

To provide accurate z measurements without analog devices, the cathode foils

are divided into narrow stripes to be read out independently, these stripes are

made to spiral such that it would rotate exactly through 360° over the 126 cm

length of the chambers. The sense of rotation of the outer stripes are opposite

those of the inner stripes. A chamber crossing therefore results in a triple coinci-

dence of hits in both cathode planes and in the anode wires, and the z position

is given by simple geometry. In theory, a double coincidence between a wire and



CHAPTER 3. EXPERIMENTAL DESIGN 67

either cathode hit completely determines the hit location, but a triple-coincidence

criterion is necessary to discriminate against the many expected accidental coin-

cidence between anode and cathode hits from different hits, which would in fact

overwhelm the real chamber crossings.

Even with the triples criterion, random coincidences are still expected, es-

pecially at high rates. To reduce the number of ghost (accidental) triples, the

cathode stripes in the dwarfs are divided at the center of the chamber, with each

half read out independently; this isolates the cathode hits in the two halves. The

reduction of accidental triples was another reason for adopting the seven-dwarfs

configuration; the hits within each dwarf cannot combine with hits in other dwarfs

to produce apparent triples, whereas in centrally placed chambers, particles cross-

ings 180° apart can generate cathodes hits that conspire with additional anode

hits to form ghosts.

Despite the above disadvantage, at least one central chamber is still needed

in order to correlate tracks with their scintillator hits. The dwarfs are placed too

far from the scintillators and do not provide adequate azsmuthal coverage for this

purpose. This is the reason for having Snow White in addition to the dwarfs.

However, apart from its vulnerability to ghosts, Snow White also sees a much

higher rate than do the dwarfs, because (a) it has complete azimuthal coverage

and hence a bigger solid angle, and (b) it is smaller in radius so that it catches

more of the lower energy positrons that don't make it out to the dwarfs. For this

reason, Snow white cannot be built as a scaled-up dwarf chamber, for it would

be too encumbered with ghosts to be of much use. The solution to this problem

lies in restricting the striped cathodes to only the region covering the positron

scintillators; this arrangement allows the chamber to pick up the triple from the

final hit of a track before it reaches a scintillator, but eliminates cathode hits from

chamber crossings in the middle 66 cm of the chamber. This 66 cm long region

does have a solid cathode plane (isolated from the end stripes) to preserve the

anode signals from hits in the middle.

To keep the number of annihilation and bremsstrahlung photons to a mini-

mum, every effort is made to minimize the amount of matter inside the positron
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arm. To this end, cylindrical chambers are used so that there would be no edges,

a design decision that adds greatly to the challenge in construction. In addition,

the cathode cylinders are made of very thin copper-clad mylar sheets, where dif-

ferential gas pressure holds their shapes in the same way the target tube is kept

turgid. The length of each MWPC and the tension of the wires are maintained by

locking the end assembly of the chamber on to the endcaps of an aluminum drum,

called the tension shell, that encapsulates the positron arm. The light weight

construction of the chambers also helps to preserve the 0.6% resolution (at 52.8

MeV) for positrons. The presence of a pressure control system also allows the

tension shell volume (excluding the small active volume of the chambers) to be

filled with helium gas, which has a substantially smaller scattering cross section

and dEjdx than air. The reduced ambient pressure of Los Alamos (560 torrs) is

also of benefit in this regard, providing a 22% reduction in the amount of mass

presented by gases.

In addition to good resolution, the MWPCs also need to be fast, in order not

to be overwhelmed by pile-up from high rates in the positron arm. In practical

terms, this means the gate for the chamber signals need to be made as short as

possible while retaining full efficiency for those tracks in time with the trigger.

The charge collection time and the time of flight of the positrons are the two

limiting factors. The maximum flight time for a 52.8 MeV positron within the

10-45° A cut is 12 ns. Using a relatively small half gap of 1.778 mm and a fast gas

(freon-isobutane), the collection time is limited to also about 12 ns. These times

set the minimum gate width to 24 ns, implemented in hardware by converting an

analog chamber pulse to a 18 ns -f time-over-threshold logic pulse. The latter,

sampled by the latch modules in coincidence with the trigger, gives effectively a

25 ns gate on average.
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3.7 Trigger

3.7.1 First Stage Hardware Trigger

The primary trigger for MEGA uses the prompt signals from the photon arm

MWPC and scintillators to generate fast start and sample strobe for the TDCs

ADCs and latches in the read-out system. The selection criterion consists simply

of looking for photon showers with a large enough azimuthal spread in both the

scintillators and in the MWPC. This strategy is designed to catch photons with

large P± independent of the actual energy sharing of the converted pair. The

pattern recognition is performed by very fast programmable array logic (PAL)

chips, and is divided into three parts: an S-module to scan the scintillator pattern,

an M-module for the MWPC hits, and a T-module that combines the result of

the previous two to generate the trigger output. This set of modules are provided

by University of Chicago and is referred to as the Chicago box.

The S-module uses the logic pulses from the scintillator meantimers (mean

time from the two ends of the scintillators). The incoming signals are fanned out

for processing in groups of 6 consecutive counters, with each counter being shared

by 6 different groups. An output bit is provided for each group of 6, turned on if

two or more of these six counters are hit in time coincidence.

The M-module receives the signals from the MWPC combined (with OR logic)

in cells of four wires. The cells are divided into consecutive groups of 13, with

each cell shared by 13 different groups. The PALs are programmed to turn on

the output bit for a group if at least 3 of the 13 cells fire in time coincidence and

the pattern spans at least 9 cells. The minimum width requirement is intended

to select converted pairs whose combined transverse momentum is greater than

about 32 MeV/c.

Finally, the T-module maps the output bits of the M-module onto those of

the S-module according to overlap in azimuthal coverage. The trigger output is

then fired if any of M-module bits is turned on within 80 ns (collection time of

MWPC) of its associated S-module bit. The total decision delay of the Chicago

box is typically 18 ns, subject to ±5 ns jitter, but incurs zero dead time-the
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inputs remain alive while the PALs are processing. The S- and T-modules are

also supplied with an alternate set of chips to operate without the participation

from the M-module. In this configuration, the trigger fires if 3 of the scintillators

in any group of 6 are hit in time-coincidence, spanning 4 or more counters.

3.7.2 Second Stage Trigger

The Chicago box was designed primarily for speed and efficiency, and is vulnerable

to even minor hardware failures. For instance, a few hot wires in the MWPC will

substantially increase the trigger rate, an intolerable situation for an experiment

like MEGA whose data rate approaches the maximum bandwidth of the data ac-

quisition hardware. The alternate scintillator-only trigger is also very susceptible

to random coincidences. A slower, but more selective veto is therefore added to

the trigger system, referred to as the second stage trigger or SST.

The SST uses the much slower signals from the drift chambers. These signals

are processed by highly integrated erasable-programmable-logic-devices (EPLDs,

each containing the equivalent of a half million gates) searching for chamber pat-

terns resembling two joined half-circles expected of the track from a converted

e+e~ pair. The selection criteria are listed below:

1. at least 3 non-adjacent hits in DC2 spanning a width between 14 and 24

cells.

2. at least 2 hits in DC3 that are each within ±1 cell of hits in DC2, spanning

at least 10 cells but no more .han 24.

3. the hits conforming to the previous two rules fall within 320 ns after the 1st

stage trigger.

As it is a veto counter, the SST module takes no action when an event passes

the above test. For events that fail the test, a FAST CLEAR signal is issued to

the data acquisition hardware to stop digitization in the FASTBUS modules and

to prevent the data from being stored in the internal memory of the boards.
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3.7.3 Auxiliary Triggers

In addition to the primary high energy photon trigger, other triggers are used for

testing purposes. The Chicago box itself provides several of these. The first is a

low energy photon trigger where the M-module width requirement is reduced to 4

from 9. A cosmic ray trigger is also provided by looking for coincident scintillator

hits in both the upper and lower halves of the detector. Finally there is a trigger

designed to catch two photons from a ir° decay by looking for showers in opposite

halves of the detector.

Two other triggers are used that are not provided by the Chicago box. One

is an OR of selected positron scintillators; this provides a trigger for events in

the positron arm independent of the photon arm, and is used for taking tests

data for the scintillators and MWPCs. The other is a trigger on hits in the ring

counter, a circular plastic scintillator placed in a groove in the lead absorber at the

ends of the tension shell, under the positron scintillators. This location coincides

with the beam entrance and exit vacuum windows; decay positrons from muons

stopping in the window can travel through the groove, the ring counter, positron

scintillators and eventually hit the photon scintillators. When used in coincidence

with a single photon scintillator hit, this trigger provides the timing calibration

for the experiment.

3.8 Data Acquisition System

The MEGA data acquisition system hardware is built around the IEEE FAST-

BUS backplane[34]. The choice of FASTBUS reflects the high rates expected of

MEGA, and the large number of channels to be read out. Otherwise the sys-

tem is rather conventional, consisting of latches, TDCs and ADCs. These three

types of modules were all designed specifically to meet MEGA's needs, including

a common FASTBUS back-end which allows buffering of up to 32 events. The

multiple-buffering feature was incorporated specifically to match the beam struc-

ture of the LAMPF LINAC, which operates at 120 Hz with 700 ps wide pulses.

At the full design rate, some 10-20 triggers are expected during each beam spill.
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These are stored in the modules, and are transferred out during the 8 ms period

between pulses.

The FASTBUS system, as configured by MEGA, contains a single master (the

CERN CHI[41]), which collects the data from the various modules and ships it in

a single buffer, collated by module, through BRANCHBUS on to VME bus[42],

where the on-line filtering computers reside. The CHI buffer id then loaded into

the first available node in the processor farm, where they are sorted into individual

triggers and run through the on-line filter code. The filtered data is subsequently

transferred to a control micro VAX III [43] and put on tape. The system is shown

in figure 24. The picture shows the current (second generation) architecture,

which uses DEC 5000/200 RISC-based UNIX workstations [43] for the processor

farm. The original system, used during several test runs, relied on FERMILAB

ACP-I microprocessors[44], which were based on the Motorola 68020 CPU[42].

The migration to RISC machines was necessary as studies showed the number of

ACP-I units needed would overwhelm the control microVAX, whereas the RISC

machines have much higher throughput and fewer are therefore needed.

Apart from having multiple-buffering capabilities, the FASTBUS modules also

contain a feature called "MEGABLOCK". This refers to the ability for a con-

tiguous block of modules to behave as a single module when addressed by the

CHI master, so only one hand-shake is required to read out a full FASTBUS

crate. This capability significantly reduces the transfer overhead, and was de-

signed specifically for MEGA by Phillips Scientific, who supplies all of MEGA's

FASTBUS modules[35]. The Phillips TDC and ADCs are made to complete dig-

itization within 7 fis. This introduces only a small dead-time in the photon arm,

since only one of the four layers is activated in each event, leaving the other

three layers alive. However, 7 /J,S represents an unacceptable loss of efficiency in

the positron scintillators; they are therefore double-buffered, with their signals

alternately sent to two different sets of TDCs.

The control and synchronization of the trigger, FASTBUS and the processor

farm is handled by a custom-built module called the routing box. This unit is
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Figure 24: Architecture of MEGA data acquisition systems. FBBC and BVI are
respectively FASTBUS-BRANCHBUS and BRANCHBUS-VME interface mod-
ules.
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responsible for distributing of the trigger signals to the appropriate readout mod-

ules, and for processing the BUSY signals generated by the FASTBUS modules.

In addition, the routing box controls the action of the second stage trigger, en-

forces synchronization to the various control gates, and sends selected signals to

hardware sealers. One of the more convenient features of the box is its ability

to combine several different event types for taping during the same run, and to

disable or enable the effect of various control gates (e.g. turning off the beam-

synchronization for taking cosmic ray calibration data). User-selection of these

functions is activated through a command menu on the host micro VAX, and en-

forced through a CAMAC programmable logic unit (PLU) connected to the rout-

ing box. The state of the system (including the actual trigger fired, and which of

the two banks of positron scintillator TDCs was active) is recorded for each event

in the history-latch module; this information is saved to tape, to be used later

during data-analysis.

3.9 Data Rate and On-line Filter

Table 13 summarizes the calculation for the raw data rate expected from the

FASTBUS system during fi —• ef running. The net 3 Mbytes/s of data from

2.1 kHz event rate far exceeds the bandwidth of ordinary tape units, and indeed

that of the Q-BUS backplane of the host VAX. As the hardware triggers are

based only on the photon arm information, the raw data is far too dilute to

warrant any extravagant measures to put it all on tape (3 Mbytes/s approaches

the recording rate anticipated for SSC detectors). Instead, it was decided to use

on-line processors to filter this stream.

The on-line filter code consists of two parts. The photon arm half performs

a crude reconstruction of the photon shower, using the delay line z-information

but not the drift times. This results in a rough measure of the photon energy,

but a reasonably precise location of the photon conversion point. The positron

arm half of the code is the more sophisticated of the two. At 500 MHz beam

rate and with a 25 gates, there are on average more than 12 background positrons
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Table 13: Calculation of

Average event Size:
positron MWPC latches
positron scintillator TDCs
positron scintillator ADCs
internal brem. veto TDCs
photon scintillator TDCs
photon scintillator ADCs
photon scintillator latches
photon MWPC latches
drift chamber anode TDCs
delay line cathode TDCs
history latch module

total:

Event rate:
instantaneous n decay rate
accelerator duty factor

raw /i —»

0.06
trigger selection: E, > 35 MeV 0.001
solid angle of photon arm
conversion probability

raw trigger rate:

total data rate:

0.7
0.1

4.2 x

• ey data rate.

(bytes)
1000
40
40
20
20
20
40
120
60
20
20

1400/event

(Hz)
5xlO 8

3xlO 7

10"6 2.1 x 103

~ 3 Mbytes/s
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in the MWPCs during each event, resulting in a 15% average occupancy therin.

It is clearly hopeless to attempt reconstruction of an arbitrary track in this high

rate environment. Instead, the code uses the position of the conversion vertex, as

provided by the photon arm code, and the restrictive kinematics of a two-body

decay to look for a candidate positron track. The algorithm proceeds as follows:

1. Select positron scintillator hits for which <j>j — <f>y, the difference in the az-

imuthal positions of the scintillator hit from that of the photon vertex, is

between -3° and 84°.

2. Accept only positron scintillators hit within 20 ns after the photon shower.

3. If the photon z-position lies outside the target region, then eliminate those

scintillator hits on the same end of the detector as the photon.

4. Look for Snow White triples correlated to a selected scintillator. Use this

point, the photon position and assumed 52.8 MeV energy to estimate track

parameters and decay point location (assuming the e+ and 7 tracks are

tangential at the this point).

5. Search MWPC data for previous chamber hit near predicted crossing posi-

tions, use found hit to refine track parameters.

6. repeat step (5) in reverse chronology (i.e.. move from the Snow White hit

back towards the target) until the decay point is reached.

7. Recalculate track parameters from chamber hits found.

8. cut candidate tracks; accept Et = 52.8 ± 3.0 MeV

9. Impose back-to-back criterion by cutting on AFi, the difference between the

y-position of the decay point found in step (4) and that derived from the

predicted z-position of the decay point applied to the targefc geometry. Keep

events where |AVJ| < 1.0 cm.
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Table 14: Rate suppression by on-line filter.

photon arm filter:
reconstructed E, > 46 MeV 0.33

positroii arm filter:
cut

scint. <j> cut : - 3 ° < A<f>f^ < 34°
scint. time cut: te-»ctn( — *-y < 20 ns
scint. z window cut
Snow White triple near scint.
dwarf hits near predicted track
energy cut: |A£ e | < 3.0 MeV
decay point cut: \AYi\ < 1.0 cm

% rejected

13.9
26.4
4.3
7.5

43.8
0.9
2.0

suppression factor: 0.012

total suppression: 0.0040
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Table 14 gives the breakdown of the rate suppression from the different stages

of on-line cuts. The overall factor of 0.0040 brings the event rate down to 8.4

events/s, or about 12 kbytes/s. This is well within the bandwidth of ordinary

tape drives. Preliminary versions of the filter codes were run on Monte Carlo

events, confirming the expected rejection ratio. The same study also estimated

the required CPU power at about 120 VUPs (a VUP is the power of one VAX-

11/780). This translates to 6 DEC 5000/200 workstations. Surprisingly, the

photon arm filter code accounted for more than 80% of the time consumption. It

is hoped that with further optimization the CPU requirement can be reduced to

less than 80 VUPs.

3.9.1 Analysis Software

The software systems used by MEGA are still evolving with efforts directed to-

wards two major areas. On the one hand, a great amount of work has gone into

developing physics code-programs that perform the tasks of track-fitting, pattern-

recognition and event selection. These codes, having seen little or no actual use on

real data, are still in very preliminary form; work continues to refine and improve

them.

On the other hand, the MEGA detector and data acquisition systems are of

sufficient complexity that a substantial amount of processing is required just to

translate the data into a form suitable for kinematic analysis. To avoid duplication

of code development, and to prevent a proliferation of different code conventions,

a standard skeleton analysis framework was developed, along with a kit of fre-

quently used software tools. The skeletal program is known within the MEGA

collaboration as REPLAY, and is accompanied by a graphical event display sys-

tem. These two packages have been in use since the 1988 test run, for both on-line

monitoring and off-line analysis. They will be described in this section.
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3.9.2 REPLAY

The name 'REPLAY' is somewhat misleading, as the present system is more a

platform for analysis cudes than an actual analysis program. Its primary task is

the translation of the data from its raw FASTBUS form into standard structures

that facilitate actual physics analysis; it also provides a common user-interface for

controlling both REPLAY itself and the physics code that is run under it. Fig-

ure 25 shows the flow and transformation of data through the REPLAY structure.

The high data rates through the data acquisition system leads to occasional

data corruption. To prevent such buffers from crashing analysis code, the raw

data come packaged in a hierarchical, self-contained format, allowing for self-

consistency checks. The data from the FASTBUS are collated by modules and

require event-building to be sorted into individual triggers. Normally this task

is performed in the processor farm, so that the host VAX sees only built events.

Alternately, the raw FASTBUS buffers can be written directly to tape, requiring

event-building during play-back. Within each built event, the data are logically

divided into sections differentiated by detector element and module type (e.g.

photon scintillator TDCs), each of which may contain several blocks holding the

data from individual modules. The analysis driver locates and identifies the differ-

ent sections of the data, each of which is then passed to the appropriate primary

analysis routine. There is one primary analysis routine for each detector-module

category.

The purpose of primary analysis is to transmute the hardware data into phys-

ically meaningful quantities. Given a list of module and channel numbers, the

routine finds the detector elements associated with the hits, guided by a wire

map. In the case of TDCs and ADCs, offsets and gain adjustments are applied

to the read-out values to give times and pulse-heights. The map designations and

linear constants are extracted from a standard database, which can be superceded

by auxiliary files supplied by the user. The results are placed in lists sorted by

detector element (or whatever form appropriate) for later use by secondary anal-

ysis.
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Figure 25: Structure of MEGA REPLAY program. See text for details.
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The Secondary analysis routines are grouped by detector elements ,and per-

form two functions: (a) they collect the scattered pieces of information belonging

to a specific element and calculate derivative quantities, and (b) they calculate

other quantities of general interest and those of use for filtering. As an exam-

ple of the former, the two TDC and two ADC values of each photon scintillator

appear individually, without correlation, in the lists of hit elements produced by

the pSC-TDC (mnemonic for photon-scintillator-TDC) and pSC-ADC 1A (pri-

mary analysis) routines; the pSC 2A (secondary analysis) code assembles these

quantities for each hit scintillator, and from them calculates the mean time, the

average pulse-height and the z-position of the hit. An example of the second type

of calculation is the determination of the azimuthal width of the drift chamber

hits left by an e+e~ pair, which gives a rough measurement for P± of the photon,

a quantity sometimes used to filter photon events. These results are placed in

designated 2A output COMMON blocks. By convention, a 1A routine cannot use

the results of another 1A routine, but the 2A routines can share, by conforming

to an agreed calling sequence, the information generated by other 2A routines.

The REPLAY software system is set up to facilitate substitution of alternate

1A and 2A routines for standard ones when linking one's own private copy of

the REPLAY executable. There is also a call to a dummy USER subroutine,

which can also be replaced by the user's own version to perform specific tasks.

Control switches and cut parameters modifiable from the interactive command-

line can be used to control the actions of 1A, 2A and USER codes; in fact, where

not needed, any combination of these routines can be disabled to speed up the

execution of REPLAY. For users not wishing to provide his own FORTRAN code,

there is also within REPLAY a subsystem called HODA (hardware on-line data

analysis) designed to allow interactive declaration of histograms to be filled from

the results of 1A routines. This includes the ability to make 2-d histogram either

pair-wise from two correlated lists, or using all possible pairs between two sparse

lists. HODA is used extensively during the detector check-out phase of each run

to spot dead channels and to verify the wire maps.

REPLAY is written to accept data from a variety of sources, including hex
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dumps of events generated by REPLAY itself. It is also capable of sampling data

directly from the acquisition computer, so that the same program can use both

live and recorded data. A modified version of REPLAY is run in the processor

farm to provide the on-line filtering, where the filters appear as secondary analysis

routines. In this environment, the user-interface portion of the code is replaced

by a distributed control shell that takes the parameters and switches, normally

accessed by the interactive user, from the host VAX. Additional code is provided

to pass filtered and unfiltered data to the VAX through the ETHERNET link.

3.9.3 Event Display System

The need for an advanced graphical event display system was identified in the

early stages of MEGA planning. It was recognized that, with the large solid an-

gle coverage and the complexity of the detector, high resolution color displays of

events in various projections would be of great benefit as a on-line diagnostic tool

during runs, and would also ease the development of analysis code. A subcommit-

tee report recommended that a machine- and device-independent graphics library

be acquired to facilitate the writing of a display program, and that at least one

high resolution, color display device be made available for on-line use.

MEGA selected the TEMPLATE graphics library[45]. This package offered

both modeling and presentation features needed for display of detector and events.

It ran on all of the computers used by MEGA collaborators, and supported most

of the graphics display devices available. A VAXstation II/GPX workstation [43]

with a 19", 8 bit-plane display console was also bought for on-line event display.

The single-event-display (SED) package is currently designed to be run as

a subsystem under REPLAY. It comprises two libraries and a prototype user-

interface package. The first library, named EDF (Event Display Facility) contains

a collection of drawing routines and an exhaustive data structure for defining the

detector geometry and location of hits. A Call to a given subroutine invokes the

display of a particular view of an event transformed in compliance to parameters

passed in the argument list. Each frame shows wire chamber and scintillator hits

laid over a background of selected detector components included as visual guides;
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fitted tracks and analog information can also be displayed when they are provided.

The views supported by EDF include an end-projection of the whole detector,

a flat projection of the positron arm MWPC's (where the cylindrical shell of the

chamber is mapped onto a plane), and a similar projection for the pair spectrom-

eters. These routines allow the calling program to enable or suppress parts of the

detector at will, and also provide a feature where a particular hit element can

be selected using a graphical pointer for identification. The design of EDF was

aimed at isolating the actual display code from any particular implementation of a

user-interface, so that the latter can be iteratively improved without modification

to EDF itself.

A second library was created as a tool-kit for facilitating the implementation

of a 'window'-based user-interface in the style of the Apple Macintosh micro-

computer. This package is named DMS (Display Manager System). Through

subroutine calls, a region of the display screen can be allocated such that a sub-

sequent call to an EDF routines results in the display of the chosen view in the

selected window. A push-button menu allows the user to select options by using a

pointing device (for instance, mouse on a VAX workstation), and slide-bars can

be used to alter the value of a control quantity, such as the magnification scale of

a view. The intent in developing this set of code was to identify useful features for

a graphical user-interface, and to avoid repetition in writing the actual interface

code.

A prototype user-interface based n EDF and DMS has been in use since 1988.

It is abbreviated as EVD (EVent Display). It is invoked from the command line in

REPLAY, and receives the event information from 2A output blocks. The system

provides four different viewing environments (giving different combination of pro-

jections), each tailored to suit the requirements of a different activity. These are:

(a) photon arm mode which gives simultaneous displays of the end-view and the

unrolled projection of a pair spectrometer, (b) a trigger system mode showing the

end view and the state of the trigger, (c) positron arm mode showing end view

and an unrolled Snow White or dwarf chamber, and (4) a positron scintillator
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mode that displays timing and pulse-height information accompanying hit scintil-

lators on screen. In any of these four states, each window can be independently

manipulated by the user. This package is entirely driven by menus and slide-bars,

and does not allow control by entry of commands.

Figure 26 shows an example of the output generated by EVD, operating in the

positron arm mode. The window on the right displays the end view of an event

with an obvious pair in photon arm 1, and a reconstructed positron through dwarf

chamber 6. The viewport on the left shows the unrolled projection of hits in dwarf

6. The two triples corresponding to the two crossings through the chambers are

clearly identifiable in this picture. The rectangular region on the bottom of the

picture is the space reserved for text, such as that displayed for hits selected by

the user. The two regions on the extreme right are those used by the menu (top)

and slide-bar controls (below).

The present version of SED has been reasonably successful. It has been very

valuable for, among other tasks, checking the channel maps and for monitoring

the state of the system during data taking. However, three years of use has shown

the menu-driven interface to be rather cumbersome. It is anticipated that EVD

will be re-written to incorporate lessons learned from operating experience.

In addition to its use in SED, the TEMPLATE package is also used to display

HBOOK histograms. This capability is provided in the form of HDF (Histogram

Display Facility), a display program that runs both in stand-alone form and as a

subsystem under REPLAY. The features of HDF are similar to those of the DIS-

PLAY utility formerly used by the DO collaboration at FERMILAB, and contain

many of the features now present in the new PAW system from CERN.
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Figure 26: An example of Single-Event-Display graphical output.



Chapter 4

MWPC System Design and
Construction

The positron arm MWPCs are the single most difficult aspect of MEGA. Con-

structed with very small cell dimensions, these chambers are designed to handle

higher rates than any other large chamber in operation. MWPCs of similar cell

geometries have been built at TRIUMF and BNL [46, 47], but these are mostly

planar chambers with dimensions of about 5 cmx5 cm. The extended size u

the MEGA design not only poses a formidable challenge in the construction of

these detectors, but also makes great demands on the performance of read-out

electronics.

A great deal of time was put into the chambers and electronic systems on the

part of the author. These efforts represent a major part of the work described

in this thesis. To reflect this emphasis, the current chapter is devoted to a more

detailed description of the MWPC system. We begin with a review of the basic

theory of chamber operation, as a guide for understanding the problems associated

with chamber design. The second section discusses the various considerations

that motivated the current design of the positron chambers. A description of key

aspects of chamber construction follows, and the chapter concludes with a section

on the readout electronics.

86
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4.1 Theory of operation

4.1.1 Proportional Chambers

Both drift chambers and MWPCs were derived from, and operate on the same
fundamental principle as the proportional chamber. The basic elements of this
simple device are shown in Figure 27. Its active component is a wire held at a high
positive voltage, placed at the axis of a grounded cylinder filled with a special gas
mixture. When a charged particle traverses the gas volume, it leaves in its track
a trail of ionization. The liberated electrons are accelerated by the electric field
towards the anode wire. Collisions with gas molecules randomizes the direction
of the electrons, resulting in a net drift speed approximately proportional to the
strength of the electric field (More precisely, the drift speed is roughly proportional
to EfP at low values of this ratio-where P is the pressure of the chamber gas;
at very high E/P, the speed saturates a some maximum value determined by the
exact composition of the gas). The field strength increases as 1/r as the electrons
approach the wire; eventually, at a few wire diameters away from the surface of
the wire itself, the field imparts sufficient momentum to the electrons such that
they produce secondary ionization when colliding with the gas molecules. The
free electrons thus created are in turn accelerated, producing even more ions in
subsequent collisions, leading to an avalanche in the neighborhood of the wire.

WhLj the avalanche electrons migrate towards the wire, the companion pos-
itive ions drift toward the cathode. The motion of the charged particles in the
varying potential induces a signal in the anode wire, by which the passage of the
incident charged particle is then detected. Because the avalanche occurs near the
wire, the secondary electrons experience only a small potential change in reaching
the the wire, whereas the positive ions traverse a much larger potential gap to
arrive at the cathode. For this reason, nearly all of the signal strength comes from
the motion of the heavy ions. The ratio of the contribution to the signal by the
electrons to that of the positive ions is given by
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Figure 27: Elements of a typical proportional chamber
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where a = d/2 is the radius of the wire, R the radius of the cathode cylinder and

A the mean distance of secondary ionization from the surface of the wire. For

most chambers, this ratio is of the order of 1%.

The shape of the signal pulse follows the change in potential of the ions as they

approach the cathode. The drift speed, like that for electrons, is also proportional

to the field, so that the time-evolution of the signal is given by (shown for the

signal current; see [48]):

t(< > 0) = -
QC 1
4V€0 t + to ' fi+CV0

(15)

where we have:
Q = to ta l charge collected,

P = gas pressure ,

Vo = applied anode-ca thode voltage,

a = wire radius ,

H+ = mobil i ty of the posit ive ions,
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and C is the capacitance per unit length of the chamber given by:

Equation 15 describes a long decaying tail in a signal pulse that has a sharp initial

rise at t = 0.

In practice the rise-time of the leading edge is slowed by the finite bandwidth of

read-out system. It is important to note that the corresponding voltage signal (the

integral of equation 15) is a logarithmic function of time and does not resemble a

pulse at all. Chamber readout is therefore accomplished by directly amplifying the

current signal with a trans-impedance amplifier, or by differentiating the voltage

signal.

The size of the chamber pulse is proportional to Q, the total induced charge in

the avalanche. This quantity is the product of the the amount of primary charge

left by the original particle, and the avalanche multiplication factor, usually called

the gas gain. The dependence of the gas gain on the applied voltage and on the

parameters of the chamber is important in determining the design of a chamber for

a specific application. Assuming that multiplication can only take place in electric

fields exceeding a critical value Ec, the gas gain for a proportional chamber is then

given by the expression

CV0M = exp[ V2kNyjQ~o(y/Qo/Ec - V5) ] , Qo = ~ L , (17)

where N is the molecular density of the gas, and k an empirical constants that

relates mean free path of the electrons to its energy and the gas pressure. The

gain, M, depends explicitly on the applied voltage Vo, the wire radius a and the

capacitance per unit length C. C in turns depends only on the radii of the wire

and the cathode [48].

Equation 17 is derived by assuming (a) the applied voltage is sufficient to

cause multiplication, and (b) the gas does not break down in the presence of the

field. In practice, the behavior of the chamber varies at different anode-cathode

potentials. With very small or no applied voltage, the primary electron-ion pairs
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would recombine without detection. As the voltage is raised, the chamber operates

in different modes listed below for increasing values of Vb:

1. ion chamber: where VQ is sufficient to transport the primary ions, without

gain, to the wire;

2. proportional mode: the gas gain is independent of the number of primary

ions, so that the output signal is proportional to the energy deposited in

the chamber;

3. Geiger-Muller mode: where the total charge produced by the avalanche

saturates, independent of the number of primary electrons.

At voltages beyond the Geiger-Muller mode, the chamber gas breaks down, leading

to continuous discharge.

4.1.2 MWPCs

In the late 1960s, MWPCs (multi-wire proportional chambers) were conceived by

Charpak et a/, at CERN [49]. The motivation for building such a device is to

obtain position information for the track of a charged particle. By allowing it to

pass through a plane of parallel proportional chambers, one obtains the coordinate

of the track through the chamber plane in the direction normal to the wires. At

that time, it was not technically feasible to actually construct a series of small

independent proportional chambers each with its own cathode cylinder (this idea

was resurrected in the mid-1980s in the form of straw-tube detectors). Instead,

the MWPCs are built with wires laid down in a plane at regular intervals, sharing

cathode planes placed above and below the wire plane. Figure 28 illustrates this

arrangement of electrodes.

Since the anode wires are not shielded from one another, it might appear that

capacitive coupling between nearest neighbors would cause a chamber hit to be

propagated over very large number of wires. This loss of localization would there-

fore make the MWPC useless in the role for which it was designed. Fortunately,



CHAPTER 4. MWPC SYSTEM DESIGN AND CONSTRUCTION 91
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Figure 28: Cross section of an MWPC with wire spacing s and half-gap I.

as Charpak and his associates realized, the outward motion of the ions from the

avalanche also generate signals in neighboring wires, approximately cancelling the

negative capacitively-induced signals. Note that MWPCs would never work if sig-

nals were generated by the avalanche electrons, which could not provide sufficient

strength in adjacent wires to bring about the above cancellation.

The electric field in the MWPC is given by (see [48]):

E(x,y) = £V°(l+ta,n2— tanh2^)*(tan2 — -Kanh 2^)^ . (18)
2tS s s s s

Here the x and y are coordinates parallel and normal to the plane of wires re-

spectively, with its origin at an arbitrary wire. The wire spacing and the half gap

(anode-cathode separation) are denoted by s and /. The symbol C is now the

capacitance per unit length of each wire, where

C = —— (1Q)

and a = d/2 is again the radius of the wires.
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Two limits of equation 18 are of particular interest:

r < s => E ~ ^ - 5 . r = J ^ + y2 , (20)
2xer v

Equation 20 demonstrates that the field near the wire approaches that of a pro-

portional chamber. Since the avalanche occurs in the proximity of the wire, the

gas gain in equation 17 is also applicable for MWPCs, but with the capacitance C

now given by equation 19. MWPCs are usually used in proportional mode, with

gain between 104 — 106. With the same substitution, the signal shape of equa-

tion 15 also remains valid. In the other limit, the field near the cathode resembles

that between two capacitor plates, as shown by equation 21. The strength of this

field, which determines the drift speed of electrons and ions in the vicinity of the

cathode, is increased if either the wire spacing or the half gap is reduced.

The motion of the heavy ions also generate localized image currents in the

cathode. By segmenting the foils, such as dividing them into stripes perpendicular

to the wires, track coordinates parallel to the wires (i.e. the z coordinate) can be

obtained. The induced charge in the cathode tends to spread out in space, with

a distribution in z given by (see [50])

az ~ 0.68 x / . (22)

This distribution provides a fundamental limit to the ^-resolution of the chamber.

A more precise z-measurement than that afforded by the hit stripe positions alone

can be made by recording the pulse-heights of individual stripes with ADCs, and

taking the centroid of the charge distribution in z.

Like photomultiplier tubes, wire chambers are basically charge amplifiers. As

with any electronic system, there is ambient noise from which signals need to be

distinguished. This selection is achieved by feeding the chamber output through

a discriminator (usually after more amplification), passing as valid hits only those

pulses above a pre-set threshold vth. Since primary ionization is a statistical



CHAPTER 4. MWPC SYSTEM DESIGN AND CONSTRUCTION 93

d
ef

fi
ci

e

§
o
0)

'/plateau J

I

/

plateau

: z

<D
O

W

ID

1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5
Applied Vo (kV)

Figure 29: A typical plateau curve showing the variation of detection efficiency
with applied anode-cathode voltage.

process, the size of signal pulses span a finite dynamic range. This distribution

leads to the characteristic plateau curve shown in figure 29. At the lowest voltages,

the chamber has zero detection efficiency as all signals fall below threshold. At

a sufficiently high voltage, the largest pulsss begin to exceed vth- The efficiency

of the chamber then rises with further increase in Vo, eventually saturating into

a plateau that ends when the chamber breaks down. The plateau efficiency is

limited by the statistics of primary ionization (thinner chambers tend to be less

efficient), and can be degraded by high rates.

4.1.3 Chamber Gas

Avalanche multiplication occurs in all gases, so that in theory any gas can be used

in a chamber. In practice, stable operation of MWPCs with gain in the range of

104 —106 can only be achieved with a few mixtures, usually containing a noble gas

(argon) as its principle component. Despite being good insulators, the noble gases

have reasonably low ionization potentials (~10 eV) and can be operated at much

lower fields than more complex molecules because the latter tend to channel more
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energy into non-ionizing modes (through vibrational and rotational excitations

not available to mono-atomic gases). However, nobles gases alone would cause

the chamber to lapse into discharge mode at only moderate gains (103 — 104).

The instability here arises from the excess energy injected into the gas from the

de-excitation of the positive ions at the cathode. Usually, a polyatomic quenching

agent (such as CO2 or ethane) is added to the noble gas to dissipate this energy

(through absorption of UV photons, de-excitation of atoms/molecules by elastic

collisions, and capture of soft electrons ...etc.). Such mixtures (e.g. argon-ethane)

allow stable operation at very high gains (~ 106).

Another effect of adding a polyatomic quenching agent is the increase in elec-

tron drift speed (shortening the chamber collection time). This improvement is

achieved by cooling (decrease in the mean energy) of the electrons in collisions

with the quenching agent, decreasing the Ramsauer scattering cross-section. It

has been observed that even a small amount of the quenching agent can produce

a dramatic increase in the electron mobility. In recent years, a great amount of in-

terest has developed in the nuclear and particle physics community for high-speed

chambers using a new family of gases based on CF4 as the primary component.

With a small amount of hydrocarbons added, the mean energy of electrons is low-

ered close to the minimum of the scattering cross-section in CF4, allowing drift

speeds in excess of 0.1 mm/ns. The quenching additive also allows stable opera-

tion of up to 106 in gain (pure CF4 is not sufficiently self-quenching to allow this).

Furthermore, CF4 mixtures are typically twice as dense as argon-based gases, so

that the chamber can be made even thinner to shorten collection time even fur-

ther. Much work has been done by groups at TRIUMF and BNL [46, 47] with the

CF4-isobutane, which has become a mixture of choice for high-rate applications.

4.2 Design Considerations

The two dominant concerns in the design of the positron MWPCs are: (1) good

positron resolution ( measuring Ee, Ad^ to 0.6% and 0.6° respectively), and (2)

stable and efficient operation in a flux of up to 3 x 104 e+/mm2/s (generated by
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the muon decay rate of 500 MHz) for more than 107 seconds. The combination

of these requirements and the large size of the chambers makes this project a

formidable technical challenge. The enormously high flux, in particular, required

us to push chamber parameters to the limit of what is currently possible in order

to avoid performance degradation and radiation damage from the high rates.

The design of the MWPCs, having already been presented in the previous

chapter, is the result of extensive research. First, a survey of the current chamber

literature, in particular the reports of the BNL and TRIUMF groups [47, 46], es-

tablished the feasibility of handling the high rates using chambers with small cells.

A detailed Monte Carlo simulation of the chamber system, including microscopic

aspects of chamber response, was used to verify the resolutions and to determine

the best geometry for reducing pile-up. Finally, small prototype chambers were

constructed with the same cell geometry to verify performance expectations and

to study potential difficulties in construction and operation [51]. The remainder

of this section will be devoted to a discussion of the design considerations.

4.2.1 External Configuration

Two distinctive features of the positron arm MWPC are (a) their cylindrical shape

and (b) the Snow White and Seven Dwarfs layout. The reason for choosing the

cylindrical chambers-elimination of edges and suppression of photon background

has already been explained in the last chapter. The purpose of the 8-chamber

configuration is to isolate the cathode stripes in the seven dwarfs. The cathode

isolation was also mentioned previously as a means to reduce the number of ghost

triples. However, the ghost problem is not the principal reason for the division.

A more serious effect is the loss of our ability to resolve the signal track from the

background (i.e. pattern-recognition) caused by a proliferation of high-multiplicity

hits as explained below.

Unlike in most experiments, MEGA's positron chambers are expected to see

a large number of grazing tracks from background positrons. The number of

cells crossed in such hits can exceed 20-30, causing a large number of cathode

stripes to light up. The original MEGA design contained two additional central
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chambers in place of the dwarf chambers. In this earlier configuration, simulations

showed that the grazing hits, propagated in azimuth by spiral cathodes, tended

to obscure a large portion of each chamber. These fireball events seriously hamper

any attempt at pattern recognition, leading to the loss of signal events. With the

current division of chambers, the contamination from grazing tracks is confined to

individual dwarfs. The same problem also potentially existed in the Snow White

chamber, where many positrons with small transverse momenta approach the

chamber tangentially. The abundance of tangential tracks was also a major reason

for restricting spiral cathode readout to the end regions covering the scintillators.

Nearly all positrons with tracks tangential to Snow White stop in the lead shielding

(or sometimes in the end face of a scintillator) without registering a triple in the

chamber.

4.2.2 Cell Geometry and Chamber Gas

One consequence of the very high positron flux is the large number of background

hits expected in every trigger event. The pile-up problem already precludes the

reconstruction of arbitrary tracks in the chambers when running at full rate. Even

worse, a flux 3 x 104 e+/mm2/s on an ordinary chamber, with 3-4 mm wire spacing

would give a rate of about 100 MHz per wire. At this frequency, nearly every

channel is lit up in each event, making pattern-recognition totally impossible.

The solution to this problem is two-fold: (a) making the wire spacing and width

of cathode stripes very small to get finer read-out granularity and (b) shortening

the charge collection time in the chamber by adopting a small half-gap (shortening

drift lengths) and using a fast chamber gas (increasing drift speed).

In practice, decreasing the cell dimensions makes the chambers increasingly

more difficult to operate. From equations 17 and 19, we have the expression for

the gas gain in terms of MWPC parameters:

M = exp[ V2kNyfQ'o(y/Qo/Ec - y/a) } , Qo =-y, ^ \ . . (23)
irlfs — Jn zira/s

A prediction of this formula is that higher operating voltages are required to
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maintain the same gain if either the wire spacing s or the half gap / is reduced,

with a drastic increase in the field at the cathode, potentially compromising the

stability of the chamber. Furthermore, as the chamber becomes thinner, the

amount of primary ionization decreases, requiring an increase in gas gain by raising

the applied voltage even higher. Smaller cells also require greater precision in

construction. Typically, s and / need to be maintained to within 5% of the nominal

value, or else the exponential variation in gain would lead to significant shortening

of the plateau and degrade chamber performance. It is therefore unwise to make

chamber cells smaller than they need to be.

For MEGA, the wire spacing was chosen to minimize the occupancy rate (the

average fraction of channels that register a hit in an event). Multiple scattering

and energy losses cause the momentum of a positron to change continuously as

it revolves through the chamber system. The x — y trajectory of a multiple-loop

track is therefore smeared, and the azimuthal positions of MWPC hit in suc-

cessive passes through the chamber is not perfectly reproducible. Monte Carlo

results have shown this deviation to be about 1 mm. Consequently, the occupa-

tion fraction, which generally decreases as the wire spacing is reduced, ceases to

improve further when s falls below 1 mm. This value was therefore chosen for the

wire spacing. In this instance, chamber resolution was not the limiting factor, as

simulations showed only a very small change (<10%) in energy resolution if the

wire spacing were doubled.

The selection of the half gap was made to optimize the speed of the chamber

without degrading the efficiency and stability. As the anode-cathode distance is

reduced, the maximum drift length of the primary ions, and hence the collection

time are also decreased, allowing running with progressively shorter gates. How-

ever, apart from having to run at a higher voltage to maintain the original gain,

smaller half gaps also lead to a decline in the number of primary ions produced, so

that the chamber would need to be run at a higher gas gain as well. Furthermore

primary ionization is a discrete process that is subject to stochastic fluctuation.

Each chamber therefore has a finite intrinsic quantum inefficiency (reflecting the

probability that no ionization occurs during the passage of a charged particle)
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which worsens as the chamber is made thinner. In the end, the value of 1.77 mm

was chosen-estimated to be the minimum half gap that would permit a quan-

tum efficiency of at least 99.5% for minimum-ionizing particles like positrons from

muon decays.

In the choice of the chamber gas, MEGA followed the lead of the BNL and

TRIUMF groups in using the rather expensive CF,j-isobutane mixture in a 80:20

ratio [47, 46]. This gas allows electron drift at a top speed of 0.12-0.14 mm/ns and

permits stable high-gain operation at fluxes exceeding those anticipated for our

chambers. For the 1 mm wire spacing and 1.77 mm half-gap, a maximum collection

time of 12 ns is expected, and is verified in tests with prototype chambers. The

presence of the 1.5 T magnetic field produced no discernible increase in the 12 ns

value.

4.2.3 Garlands

A feature of MWPCs is that the anode wires are placed at a local maximum

in electrostatic potential. If a wire is displaced from its nominal position in the

y-direction (normal to the wire plane), it experiences a net Coulomb force that

seeks to reinforce the displacement. The only available agent to counteract this

instability is the restoring force provided by the tension of the wire. Both these

forces depend on the the magnitude of the displacement. As long as the spring

constant of the restoring force exceeds that of the electrical repulsion, the wires

will remain in place. However, the electrical forces increases linearly with the

Vo, so that at sufficiently high voltage, it overcomes the restoring tension and

causes the wires to displace alternately towards the two foils (a configuration that

maximizes the distance between nearest neighbors), as illustrated by figure 30.

resulting inevitably in breakdown of the chamber, if not broken wires.

A straight forward calculation gives the following equivalent conditions of sta-

bility [48]:

L < Lc = ^rrrJ^CoT , (24)
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till. . . . . .

Figure 30: Alternate displacement of anode wires as the result of electro-
mechanical instability.

(25)

The symbol L here denotes the length of the wires, and T the applied tension. The

dependence on L reflects the fact that the total electrical force on a wire is also

proportional to its length. Substituting the 1 mm spacing, 1.77 mm half-gap, 15

/xm wire diameter and Vo of 2450 V all into equation 24, we get a value for Lc of 32

cm, weil short of the actual length of 126 cm. Both the dwarf chambers and Snow

White are therefore subject to this electro-mechanical instability. Here our only

recourse is to provide additional mechanical supports (analogous to the bridge of a

violin) between the wires and the foils. These structures, usually called garlands,

reduce the maximum unsupported length in a wire to below Lc and eliminates the

instability. In our case, 4 garlands are put into each chamber at equal (25.2 cm)

intervals. The actual construction of the garlands will be described later.

4.2.4 Space Charge and Radiation Damage

A second consequence of the high flux of positrons is space-charge inefficiency.

This term refers to the temporary reduction of the field near the wire by the

presence of positive ions in an avalanche. The screening persists until the ions are
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absorbed at the cathode, rendering that particular region of the chamber insensi-

tive to hits during that time. This stochastic effect therefore causes a reduction

in the plateau efficiency by an amount that worsens with increased chamber rate.

Here the crucial parameter is the drift time of the heavy ions (effectively the dead

time for the part of the chamber affected). For typical MWPCs with half gap of

5-10 mm and a moderately fast gas (such as argon-ethane), the dead time is one

to several hundred /zs, leading to significant deterioration in efficiency starting at

a flux of 104/mm2/s.

For our chambers, the 1.77 mm half gap and the freon-isobutane mixture

also helps to reduce the positive ion drift time to less than 10 {is. Efficiency

measurements on prototype chambers showed a loss of 6% in efficiency at a flux

of 5 x 104/mm2/s [51]. It expected that the degradation in plateau efficiency will

be 2-3% for the unstriped region of Snow White (being nearest to the target this

area is exposed to the full 3 x 104/mm2/s), and less than 2% for the striped part

of Snow White and for the dwarf chambers.

Another problem associated with the large amount of ionization is chamber

aging. This term refers to the loss of stability and gradual decrease in efficiency

with accumulated running time. The reason for this deterioration is the tendency

for the polyatomic molecules in the chamber gas to polymerize and form dielectric

coatings on the electrodes. Polymer deposits on wires lead to decreased gain in

the areas affected, and shorten the operating plateau. Coatings on the cathode

foils can produce dielectric layers, which in combination with the arriving positive

ions can generate an enormous electric field. The intensified field at the foil can

pull electrons out of the cathode and inject them into the gas, thereby generating

a large dark current not associated with chamber hits. This mode of breakdown

is known as the Matter Effect [52, 53], which becomes worse as the density of

field lines increases at the cathode with reduced cell dimensions (see equation 21).

These problems can cause the chamber to deteriorate with time, and eventually

cease to operate at all.

A useful quantity in assessing the degree of chamber aging is the accumulated

charge seen per unit length of wire. In the region near the target, the Snow
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White chamber is expected to absorb 0.03 C/cm/wire (gas gain included) over

the running time of MEGA. This value represents a very large amount of charge

in comparison to that accumulated by chambers in other experiments; therefore

aging is a serious concern for MEGA. To prevent premature death of the positron

chambers, the materials used in construction are carefully chosen, and the assem-

bly is performed exclusively in a class-100 clean room. In addition, a strict upper

limit of 105 is imposed on the gas gain to restrict the amount of ionization; the

limited gain here puts great strain on the electronics system. Finally, the choice

of CF^isobutane mixture also makes the chambers particularly resilient to radi-

ation damage, as is consistently demonstrated by other groups. Tests performed

by Openshawetf al at TRIUMF have even shown this mixture to reverse the aging

effect on previously damaged chambers [54]. The exact reason for the superior

performance of CF4-isobutane is still a point of debate. It is speculated that highly

reactive fluorine, created in avalanche processes, can disrupt polymer formation

and attack existing coating. To verify that MEGA chambers can indeed survive

the 0.03 C/cm/wire accumulation, accelerated life time tests were peformed on

prototype chambers using ^Sr sources. These tests showed that exposure to ac-

cumulated charge of up to 0.06 C/cm resulted in no observable degradation in

performance.

4.2.5 Chamber Resolutions

The role of the MWPCs is to detect candidate (52.8 MeV) positrons with good

background rejection, requiring both excellent energy and direction resolutions.

The key to good resolution is two-fold: (a) minimizing the amount of multiple

scattering and fluctuation in energy loss by the positrons, and (b) providing good

tracking resolution in the chambers. The first of these objectives is consistent

with reducing the photon background-minimizing the amount of matter in the

chambers. The extremely light-weight construction of the MEGA chambers are

excellent in this regard, presenting an average of 3 x 10~4 radiation lengths for a

normal crossing through the chamber, including cathode foils, chamber gas and

the wires. In addition, the volume outside the chambers are filled with helium gas,
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Figure 31: Error of positron energy from analysis of simulated signal events with
full background rate

which makes a negligible contribution to the overall energy loss and scattering.

As for the chamber itself, the design parameters are basically chosen such that

the resolution would be limited by the physical interaction of the chambers. The

wire spacing was chosen to be smaller than necessary for the desired 0.6% energy

resolution, in order to handle the high rates. Both the rate and resolution also

figure prominently in the choice for the width of cathode stripes. Since analog

readout is precluded by the speed requirement of the data acquisition system, the

resolution would improve with decreased width, as does the occupancy fraction.

But the stripe width should not be reduced arbitrarily, owing to the finite spatial

distribution of cathode signals. Also, stripes much smaller than the spread of

the induced charge would receive only a fraction of the signal strength, requir-

ing higher operating voltage to bring the cathodes on plateau. For a 1.77 mm

half gap, the spread in z of the cathode signal is roughly 2.8 mm (FWHM). One

would therefore expect that the resolution and occupancy would cease to improve



CHAPTER 4. MWPC SYSTEM DESIGN AND CONSTRUCTION 103

for stripes with z coverage smaller than 5.6 mm. For stereo angles of 16° and

30°, the optimum width is approximately 3 mm, which is the value chosen. Sim-

ulations have verified that reducing the stripe width to 2 mm gives no significant

improvement in the resolution.

Apart from good spatial resolution, another key for achieving good tracking

precision is to have redundancy in track fitting. The layout of the positron cham-

bers is very good in this regard. Within the acceptance space of 10° < A < 45°

(A = dip angle of the track), 52.8 MeV positrons hit at least 2 dwarf chambers in

addition to Snow White, providing 6 azimuthal points for fitting the end-projected

circle, and at least 5 2-positions for fitting of the pitch and phase of the helix.

The minimum of 6 degrees of freedom is crucial in attaining the design 0.6% en-

ergy resolution and 0.6° direction resolution. Analysis of simulated signal events

with full background rate have shown no significant deviation from the design

resolutions (calculated initially for uncontaminated e~/ events). The result for the

energy reconstruction of Monte Carlo events is shown in figure 31.

It should also be mentioned that the redundancy afforded by the large number

of hits is also crucial in the pattern-recognition performed by the on-line analysis

code in identifying a candidate track. In particular, the algorithm discriminates

against ghost tracks (i.e. those formed by accidental coincidence of uncorrelated

chamber hits) by requiring that there be no more than one missing triple along the

projected trajectory of the candidate positron. The suppression clearly improves

as number of expected chamber hits is increased.
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4.2.6 Design Summary

Table 15 gives a summary of the various design problems and solutions as outlined

in the preceding discussion. The present chamber parameters were chosen to

optimize both the rate capacity and resolution of the chambers, and to minimize

the number of photons generated from the decay positrons. They also reflect a

deliberate strategy of sacrificing ease of construction and operation in favor of

superior performance.

4.3 Chamber Construction

Figure 32 illustrates the basic layout of a dwarf chamber, showing anode wires

supported by 4 garlands and cathode foils with counter-rotating spiral stripes.

The Snow White chamber is built along basically the same design, except for its

larger diameter, and the absence of cathode stripes in the middle 66 cm of the

chamber. Because of the small cell dimensions , the building of these chambers

is a delicate task. To keep the overall gain variation to within a factor of two,

the wire spacing must be maintained to ±50 fim and the half gap to ±89 //m.

These tolerances are particularly difficult for a cylindrical chamber over a meter

in length. To add to the challenge, the construction is further complicated by the

use of inflatable cathode foils, and by the need for circular garlands.

The wires and foils in a chamber are supported at the ends by three pairs

of circular ceramic spacers (one pair each for the inner foil, wires and outer foil

respectively). These spacers serve two functions. First, they define precisely the

cylindrical shape of the cathode foils and the wire envelope. Second, they provide

insulation between anode and cathodes, and between the electrodes and other

metallic parts of the chamber. The ceramic spacers are themselves supported by

a circular substrates machined from special non-magnetic stainless-steel. This ar-

rangement is shown in figure 33. Both ceramics and steel substrates are machined

to within 13 ftm of being perfectly round to maintain the required uniformity in

the half gap.

During actual running, the substrates are locked onto the end-plates of the
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Table 15: Summary of chamber design concerns

The Problem Solutions

Suppression of 7 background cylindrical chambers => no edges
thin cathode foils

(25 //m kapton + 200 nm Cu)

Grazing hits obscuring signal tracks division into 7 dwarf chambers
=£• contamination isolated

Pile up

Space charge inefficiencies

Chamber aging/radiation damage

Good resolutions required

Chamber length exceeds Lc

fast chamber gas
(80% CF4 + 20% iso-C4H10 )

small wire spacing =£• 15% occupancy
small half-gap =*» <1.8 mm drift length
fast electronics with short gates

fast chamber gas
small half-gap (1.77 mm)

low gas gain (< 105)
careful choice of materials
assembly in clean room

thin chambers (3 x l O " 4 ^ )
fill external volume with helium gas
small half gap

=> limit cathode signal spread

use garlands at 25 cm intervals
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Figure 32: Partial cut-away view of a dwarf chamber, showing anode wires between
two cathode foils with counter-spiralling stripes.
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Figure 33: Longitudinal section of one end of a dwarf chamber mounted on a
tension rod, shown with auxiliary pieces used for wire-winding.
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tension shell. Prior to installation in the shell, the load of the wires is taken

up by a hol'ow, retractable aluminum tube (~10 cm in diameter) known as the

tension rod. A tension rod serves as the support vessel for a chamber during its

construction and testing phases. The drawing in figure 33 actually shows the end

of a dwarf chamber mounted on a tension rod. fitted with a temporary gas seal

(used for pressurizing the chamber during testing) along with other accessories

used for wire winding.

4.3.1 Chamber Assembly

The construction of MWPCs is done in a clean room, minimize dust and dirt. The

assembly process for each chamber begins with the installation of the stainless-

steel substrates on the tension rod, with the inner ceramics already glued in place.

A pre-fabricated inner foil in then slipped over the substrates and glued to the

inner ceramics with epoxy. Here the epoxy serves two purposes: to keep the foil in

place and to form a gas seal. Next, the anode ceramics are put on the substrates

and wires are bonded to these spacers with epoxy. After the epoxy hardens, the

ends of the wires are soldered to the anode artwork (to be described later) which

are mounted in designated grooves in the anode ceramics. To prevent sparking

from sharp points, the solder contacts are covered with layers of RTV and epoxy.

With the wiring complete, the 4 garlands are inserted between the inner foil and

the wires, and then the outer ceramics are installed on the substrate.

Before completing the assembly, the chamber is brought out of the clean room

for preliminary high-voltage test to detect loose wires and other mechanical flaws.

During this test, the chamber is fitted with a shortened temporary outer foil

sealed with adhesive tape over outer ceramics. A permanent outer foil is installed

only after a chamber has returned to the clean room, having passed the voltage

test. The assembly is then complete and the chamber is again brought out of the

clean room for conditioning, where the applied voltage is gradually raised to allow

contaminants to burn off without causing a catastrophic breakdown.
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4.3.2 Tension Transfer

Having completed conditioning, the chamber is then ready for installation in the

tension shell. This process is known as tension transfer. The MWPC is first slid

into its designated slot in the aluminum shell, and the substrates are locked onto

the endplates. Using fine adjustment screws, the two substrates are pulled apart

by 75 fim. This displacement stretches the chamber as a whole and transfers the

load of the wires from the tension rod to the shell. To complete the installation,

the rod is then retracted from the chamber and stored for future use. Next, the

chamber is again subjected to a high voltage test to check for possible damage

sustained during the transfer process, followed by further conditioning and later

the installation of the readout electronics.

The tension rod and chamber substrates are designed to make tension transfer

a reversible process. There have been occasions during test runs where it became

necessary to temporarily remove a chamber for repair. Reverse transfers have in

these instances been carried out successfully without causing additional damage

to the chambers.

4.3.3 Ceramic Spacers

One of the innovations in chamber technology pioneered by MEGA is the use of

very thin, precision machined ceramic rings. They were developed to fill MEGA's

need for high-quality circular spacers that are (1) very thin (~ 1 mm), (2) able to

withstand high voltages without breakdown, (3) constructed to within ±13 pm

of specified radius, and (4) made from a hard substance that can withstand the

strain from the foil and wires without deformation. An earlier attempt at making

these rings with kevlar ended in failure, owing to the fact that kevlar did not have

the requisite strength and the resulting deformations caused the half gap to vary

by as much as 250 ftm.

The spacers used presently in the positron chambers are made of aluminum

oxide, a very hard and brittle ceramic material. As none of the collaborating

institutions has the required expertise, these ceramic pieces are made for MEGA
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by Ozark Technical Ceramics [55]. The fabrication occurs in two steps. First,

an over-sized blank is cast in a mold and fired in an oven. Next, the blank

ring is mounted on a lathe and ground down to the required shape and size

with diamond-tipped machine tools. The cost for a complete set of six pieces is

approximately $10,000 for each dwarf chamber, and twice that for Snow White.

Including spares, the total cost of the ceramic spacers for the positron arm exceeds

$100,000. Fortunately, these expensive pieces can be recycled. After removing

them from a demolished chamber, epoxy is scraped sway from these rings, and

the remaining residue burnt off by baking in an oven.

4.3.4 Cathode Foils

The fabrication of cathode foils is performed in-house at LAMPF. First, cathode

stripes are carved out on the plain foil material (copper-coated kapton) by scratch-

ing away the copper at the designated divisions (the large size of the foils makes

it impractical to segment the foil by normal etching techniques). This process is

performed on a large Hewlette Packard drafting plotter, using sharpened metal

tips as plotter pens. For proper handling by the plotter, blank foil material (90

cm wide) is laminated to a piece of 75//m thick drafting mylar, with a layer water

in between the two sheets. These sheets are gently pressed to expel trapped air

bubbles, and the remaining film of water is sealed with adhesive tape applied over

the edges of the foil material. The tape seal at the sides also give good traction

for the plotter pinch-rollers, allowing for excellent position resolution and repro-

ducibility in plotter movement. Suction provided by the film of water prevents

de-lamination and wrinkling of the foil during the scratching process.

Next, the foil is cut into a parallelogram with sides running parallel to the

stripes (see top of figure 34). The precision cutting is done also on the plotter,

using knife edges in place of plotter pens; the foil dimensions are maintained to

better than 125/xm. The cut foil is then wrapped around a precision-machined

aluminum mandrel, and the sides of the foil are joined together to form a spiral

seam, as illustrated in figure 34. Both the stripes and the seam rotate through

exactly one revolution over the length of the chamber. To hold together the
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Figure 34: Illustration of cathode foil fabrication.
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Figure 35: Schematic representation of the hot dog deformation in a cathode foil.

resulting copper-kapton tube (bottom of figure 34), a 13 (im thick kapton strip

painted with a 25 /im thick layer of epoxy is placed over the non-conducting side

of the seam.

To achieve the required precision, the wrapping process itself is executed with

utmost care, paying particular attention to the proper alignment of the foil before

gluing, and being particularly careful not to stretch the epoxy band when laying it

over the seam (any stress in the epoxy band is translated into an assymetric strain

on the cathode tube itself). The wrapping is also carried out in the MEGA clean

room, where people handling the foils are required to wear gloves and masks to

keep the copper surfaces clean. Before being glued to a chamber, each foil is first

pressurized and measured with a micrometer screw on a flat granite table to check

for deviations from a perfect cylinder. The reproducibility of these measurements

is approximately 13 fim. The most common mode of deformation seen is a warping

of the foil into a hot dog shape shown in figure 35. Correction is attempted on

those foils with deviations in excess of 75 pm. This repair is done, while gluing

the foil to the ceramics, by gently pulling on one end of the foil at the azimuth

opposite to the direction of the deformation.
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4.3.5 Wire Winding

The small cell dimensions of the positron MWPCs and the ±50 /tin tolerance

required for the wire spacing make it impractical to string anode wires by hand.

Therefore the wire winding is performed by a custom-built machine shown in

figure 36. The rotating winder arm in the figure wraps a continuous stretch of

15 fim thick gold-plated tungsten wire along the length of the chamber, while

the chamber cylinder itself spins slowly about its own axis. This chamber spin

is applied in discrete steps of one wire-spacing each, at the rate of one step for

each revolution of the winder arm. In this way, each turn of the arm lays down

two wires located 180° apart on the chamber. Typically, the winder arm is set

to approximately one full turn per minute. The tension in the wire is maintained

with magnetic brakes on the spool.

The actual winding of each chamber is divided into two sessions; in each session

wires are laid down over two opposite quadrants. Freshly laid wires are inspected

and spacings out of tolerance are manually corrected. A 1 mm thick layer of epoxy

is then spread over the wires, while they are still under tension. The inspection

and gluing are done for one quadrant at a time, allowing the 24-hour epoxy to

set before moving on to the next section. The winding of each chamber therefore

takes about 5 days. Typically, a few wires are broken during subsequent stages

of assembly, with most of the casualties sustained during garland insertion. A

technique has been developed to replace broken wires even with the garlands in

place; repairs of this nature have been peformed with consistent success.

4.3.6 Signal Routing

The small cell dimensions of the MWPCs also preclude the use of conventional

methods for chamber signal extraction and high-voltage distributing. Here again,

innovative techniques were adopted to solve the problem. In the case of the cath-

ode foils, the solution was cleverly simple: groups of 16 stripes are fed (through

jogs in the stripes) onto 2.5 cm wide tabs protruding from the ends of the foil.

These tabs (not shown in figure 34 for sake of simplicity) are in fact part of the
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Figure 36: MEGA positron MWPC wire winder.
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foil pattern cut from the blank material, with traces scratched out on the plotter.

To prevent shorts, the tabs are laminated with mylar tape, exposing only the ends

for clip-on connectors. Each clip-on connector is mounted on one side of a small

PC board, with the pre-amplifier cards plugged into multi-pin connectors on the

other side of the board.

The extraction of anode signals uses the same assembly of multi-pin and clip-

on connectors. Here, however, the ends of the anode wires are soldered onto a

flexible circuit artwork (previously called the anode artwork) bent into a ring and

mounted in a groove in the anode ceramic provided specifically for this purpose

(see figure 33). This type of flexible artwork is found in most dot matrix printers

to make electrical contact to the moving printer head. Like cathode foils, the

anode artwork also have protruding tabs feeding groups of 16 channels into clip-

on connectors. Apart from exposed contacts for the connectors and the wires, the

artwork is completely painted over with a coat of insulating glyptal (60:40 mixture

of xylene and napthalene) to guard against shorts and external breakdowns.

4.3.7 Garlands

Garlands are used in many large MWPCs, providing additional fixed points along

the length of wires to eliminate electro-mechanical instability. The design and

fabrication of these mechanical supports are especially difficult in a cylindrical

chamber where they must be completely self-supporting, and sufficiently precise

in construction as not to significantly deflect the anode wires.

Figure 37 shows the basic design of the garlands used in our chambers. The

wires are prevented from inward deflection by a 0.66 mm thick annealed glass-fiber

ring. Outward movement is checked by the presence of a nylon mono-filament tied

around the wires with small droplets of epoxy. The wires are thus constrained from

independent motion at the garlands, inhibiting deformations like that depicted in

figure 30. However, without additional support, the chamber would still break

down as the result of collective displacement of the wires in an arbitrary direction.

To kill this collective mode, six cylindrical posts are placed at equal intervals to

support the glass ring from the inner foil. These posts are made from small sections
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Figure 37: Design of a glass-straw garland.

of polyethylene soda straw (cut precisely to 1.09 mm) mounted on a lcmxlcm

base made from 25/xm thick mylar.

The installation of the garlands is an extremely delicate task requiring surgical

precision and very steady hands. First, the nylon mono-filament is tied around the

wires using a special winder designed not to deflect the wires while laying down

the filament. Bonding of the wires to the filament is done by dragging the nylon

through a large-gauge hypodermic needle filled with epoxy, and allowing epoxy

beads to form naturally (under the action of surface tension) at the junction

between the wires and the nylon thread. Next, half-circle sections of glass fiber

(annealed in an oven) and pre-fabricated support posts are inserted between the

wires and the inner foil through a gap created by pulling two neighboring wires

apart with tweezers. The top ends of the support posts are glued to the glass ring,

which is formed by joining the ends of the half-circles.

4.4 Chamber Electronics

The design of the positron chamber readout system is constrained by several rather

severe requirements. First, the high instantaneous rate per wire (as high as 10-20

MHz) requires a wide bandwidth (~100 MHz) in order to resolve the chamber
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hits cleanly. Second, the high flux on the chambers makes it necessary to run the

MWPC's at relatively low gas gains (< 5 x 104), thus requiring highly sensitive

electronics with extremely low noise levels. Already, the first two requirements

are in conflict with one another, as increased bandwidth usually leads to much

higher noise levels.

Next, the relatively large size of the detector system makes it necessary to run

long cables, leaving the system very vulnerable to pickup. MEGA's answer to

the long signal paths is to drive tNe cables with fully differential signals carried

by individually shielded twisted-pairs. This arrangement requires pre-amplifiers

(abbreviated pre-amps) to be directly attached to the chamber to convert the

single-ended current signals to amplified differential voltage signals. The initial

power gain is desirable to minimize the impact of pickup and of imbalance in the

cables.

Finally, the large number of channels (>8000), and the small amount of space

available (about 450 channels within a circle of 6 cm in radius) for pre-amps

restricts us to simple circuits with a bare minimum of components in order to

conserve board space and to keep the cost reasonable. The physical assembly

of the pre-amp cards at the chamber turned out to be fairly challenging design

problem whose solution required extensive CAD (computer-aided design) work

and experimentation with mock-ups.

The overall read-out scheme for the chambers is shown in figure 38. the cur-

rent signal ( ~10 /iA) from the chamber is directly boosted to a differential volt-

age signal (~100 mV) by the pre-amp. The pre-amp output is carried over long

twisted-pair cables to rack-mounted amplifier-discrimminator cards inside the ex-

perimental cave. Signals over the pre-set threshold (externally adjustable) cause

the discrimminator to fire, sending a differential ECL signal over an even longer

twisted-pair cabie to the FASTBUS latches located in the counting house.

4.4.1 Pre-amps

The MWPC pre-amps are the most difficult component of the read-out system.

They must operate at the required 100 MHz bandwidth with very low noise, and
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Figure 38: Schematic of read-out electronics for a single positron arm MWPC
channel.
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have and a sufficiently small footprint to fit 16 channels on a 15cmx3.2cm

The spatial constraint is especially severe for the anode pre-amp cards, which are

fitted with large isolation capacitors to provide high-voltage distribution. The

problem of limited space is overcome with the use of multi-layer circuit cards

stuffed with mostly surface-mount components. Figure 39 shows the top layer of

an anode card. The two sides of the card are each populated with eight channels,

with the isolation capacitors (rated for up to 4 kV) and associated traces occupying

about 40% of the space.

The slender figure of the pre-amp cards is made possible by the availability

of the Signetics 5212 integrated circuit chip [56]. This device is intended for

receivers on fiber-optic communication lines, where it is used to amplify the weak

signals converted from light by a photo-diode. For this purpose, the 5212 is

designed to be driven by a high-impedance source (both wire chambers and photo-

diodes are high-impedance sources) and is endowed with very high gain (14 kfi

trans-impedance), low noise (2.5 pA/Hz?) and a 140 MHz bandwidth (for fast

switching). In addition, the 5212 is also designed with low-impedance differential

output. The sum of these features, coupled with its moderate cost, ($4-6 per chip)

make them ideal for our pre-amps.

The 5212 chips are available in small 8-pin DIP packages, allowing 16 of these

chips to fit comfortably on the pre-amp cards. In comparison, common-base

circuits similar in performance would require at least 6 discrete transistors and

would be more difficult to fit in the available space. Another advantage of the

5212 is its ability to operate from a single power supply, which eases some of

the difficulty of supplying power to the large number of channels (e.g. many

potential ground loops). The only inexpedient feature of the 5212 is its high

power consumption, drawing about 20 mA per channel and generating about 100

W of heat for each dwarf chamber. Jo prevent thermal damage to chips, we

use the high-temperature SA5212 version of the chip, and blow with cool dry air

continuously over both ends of the chambers.

Figure 40 shows the schematic of a single anode pre-amp channel. The only

active component in this circuit is the 5212 chip itself. The remaining resistors,
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Figure 39: Top layer artwork of an anode pre-amp card.
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Figure 40: Schematic of a single anode pre-amp channel.
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capacitors and diodes are included only to provide termination, isolation, and

protection where needed. A cathode channel differs from the anode version in the

absence of the high voltage connection (through the 1 Mil resistor), the isolation

capacitor, and the 120 fl resistor at the input (this input resistor is provided to

protect the 5212 chip on anode cards against the large transient spikes generated

during occasional trips of the high-voltage supply). To optimize the signal-to-noise

ratio, the bandwidth of the circuit is reduced from that of the 5212 by placing a

180 pF filter capacitor across the output of the chip.

4.5 Amp-discriminators

MEGA's amplifier-discrimminator (amp-disc) circuits are base1 on the NE592

video amplifier [56] and the AD9687 ECL comparator [57]. Figure 41 shows the

schematic for a single channel of this design, where U301 represents the NE592,

and U302 the comparator. The 592 further amplifies the signal from the pre-amp

to raise the discriminator threshold to the 100 mV range. This chip is sold in 14

pin DIP packages and offers wide-band operation up to 120 MHz, with a variable

gain from 10 to 500, selectable with an external resistor. In the circuit shown,

the gain is set to 40 with a 332 U resistor. Appropriately loaded, the 592 has

an output swing from -4V to +4V, giving us a 40:1 dynamic range (with the

100 mV threshold). Nearly all of this swing is needed to accommodate the large

variation (~20:l) in the size of signals reflecting a wide fluctuations in primary

ionization for the very thin (3.55 mm) layer of chamber gas. The amplifier output

is not allowed to saturate (except for the few very large pulses) because a chamber

pulse clipped at the top would not be handled properly by pole-zero pulse-shaping

implemented between the 592 and the comparator.

The AD9687 comparator was chosen for its high speed (2 ns propagation delay)

and excellent resolution (1 mV). The threshold is provided by an adjustable bias

on the inverting input of the 9687. Unlike in many applications, we do not latch

the comparator with positive feed back, thus allowing the threshold to be set

as low as the noise permits (positive feed-back lowers the comparator threshold
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when the chip fires, requiring the on-board threshold to be raised by precisely

the same amount). Instead, latching of the discriminator output is provided by

a an adjustable discharge network in front of the 10101 ECL line driver. The

network causes the input of the 10101 to see a slow decay after the comparator

is reset, adding a variable delay (usually set to 18 ns) before the 10101 itself is

turned off. A chamber hit thus produces an output ECL signal with a width of

18 ns plus time-over-threshold for the shaped analog signal. This ECL output is

then sent over a long twisted-pair cable to the FASTBUS latch, where the state of

each channel is sampled to register chamber hits in coincidence with the trigger.

In this arrangement, the effective gate width for a chamber signal is that of the

10101 output (25 ns is the average value), a feature that simplifies the design of

the latch modules, saving substantial amount of very expensive FASTBUS board

space.

4.5.1 Pulse-shaping

Since the time-over-threshold of the analog signal at the input of the comparator

is an additive component in the gate of the chamber signal, it is necessary to

cancel the very long tail of raw chamber pulses given in equation 15 in order to

keep the average gate width to the design value of 25 ns. Treating the tail as a

decaying exponential, the the pulse is shortened using a pole-zero filter. Figure 42

shows a simple RC pole-zero network. Choosing the values of R\, R2 and C such

that TIN = R\C is equal to the decay constant of the input pulse, then the output

decay constant is reduced to TOUT — KTIN where K — Rij[R\ + R2).

The RC network of figure 42 is the simplest of pole-zero filters. It is the ac-

tual design chosen as it requires a minimum number of components. As shown

in figure 41, both sides of the 592 output is fed to such a network. The choice

of component values is constrained by the available values for the capacitor and

resistors, and by the output specification of the NE592, since the filter also serves

as the termination network for the amplifier. The output swing of the amplifier

becomes reduced if the termination impedance drops below 500 ft. On the other
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Figure 42: A typical RC pole-zero filter.

hand, using large resistor values would force us to use very small capacitors, mak-

ing the circuit more vulnerable to stray capacitances on the board. A substantial

amount of PSPICE [58] analysis and experimentation went into exploring alter-

nate shaping schemes (such as using a additional RC network in the gain loop

of the 592 as shown in figure 42-disabled by shorting the parallel resistor) and

optimizing the present design. In the end, the analog signal fed to the comparator

is shortened to a roughly symmetric pulse with a base width of about 20 ns, using

750 il, 301 fi, and 33 pF for Ru R2 and C (TIN = 25 ns, TIN = 7 ns).



Chapter 5

1990 MWPC Test Results

Engineering tests were conducted on the positron M WPCs during the 1990 LAMPF

beam run. The objective of these tests was to demonstrate the feasibility of the

MEGA experiment using the cylindrical MWPCs. Because the design work and

code development relied heavily on the Monte Carlo code used to simulate cham-

ber response, we needed to compare the observed characteristics of the MWPCs

with those of the simulation in a variety of ways. The important features to be

verified include the energy and position resolutions of of the chambers as well as

the degree of pile-up. The accurate reproduction of these attributes require the

MC code to mimic the workings of the chamber in microscopic detail.

The remainder of this chapter will be organized in the following fashion. We

begin with an overview of the test run, including descriptions of the test equip-

ment, chamber performance, the Monte Carlo simulation code whose accuracy

is the focus of much of the data analysis, and a summary of the data taken for

analysis. The next two sections describe the results from the analysis of straight

track events and of field-on decay positron data. We will then present the results

from high-rate tests intended to verify the Monte Carlo predictions for pile-up,

and the chapter concludes with a report on the practice extraction of the Michel

p parameter from the decay positron energy spectrum.

126
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5.1 Overview

5.1.1 Test Equipment

The chamber tests were conducted with a limited prototype system consisting

of the following: (a) a complete barrel of 90 positron scintillators on the up-

stream end, (b) a fully-instrumented dwarf chamber with 1 mm wire spacing,

(c) a Snow White chamber with 2 mm wire spacing where only half the wires

and the upstream cathodes were instrumented with readout electronics and (d)

photon scintillators and ring counter for triggering. There were two reasons for

instrumenting only half of Snow White. First, we wanted only to run the region

of the chamber with 2 mm spacing which covers only half the azimuth, the other

half having 1 mm spacing intended for bench testing after the beam run. Second,

as there were no downstream positron scintillators during the test, there was no

reason to instrument the downstream Snow White cathodes. We had also ini-

tially planned to run two dwarfs, but the second chamber broke some wires from

external sparks early in the run and could not be repaired in time.

One significant difference between the test system described above and the

original chamber design was the use of 2 mm wire spacing in the instrumented

half of Snow White. The larger spacing is motivated by the instability of 1 mm

pitched chambers at the anticipated operating voltage of 2450 V when exposed

to a hot '"Sr source on the bench. The high rates consistently produced a dark

current of 1-100//A through the support posts of the garlands, thought to be the

result of surface conduction from charge built up on the insulating posts. This

current mode does not self-quench and is expected to shorten the life-time of

the chambers by inducing polymer formation near the garlands. There were two

proposed solutions for the problem; one was to add a quenching agent into the

gas, such as alcohol or water vapor. Unfortunately, we did not have time to try

the additives prior to the run, and tests in this direction were postponed for after

the run. A second proposal was to lower the operating voltage of the chambers by

widening the spacing and thereby reduce the the potential drop across the posts.

To test this option, we clipped off every other wire in one half of the prototype
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Table 16: Summary of test equipment problems and their consequences

problem consequence

dwarf chamber unstable at high rates high rate test with S.W. only

S.W. has 2 mm wire spacing degraded position resolution in S.W.

only half of S.W. anodes instrumented degraded energy resolution

only one dwarf chamber degraded energy resolution

trigger positron scint. in awkward location degraded energy resolution

15% dead channels reduced event reconstruction efficiency

no pulse shaping in amp-disc, card much longer chamber gate times

Snow White, and applied voltage to the double-spaced half of the chamber on

the bench. The chamber was then able top withstand exposure to the source

at 1900 V, which is equivalent in gas gain to 2600 V for 1 mm spacing. We

subsequently decided to instrument the double-spaced portion of Snow White for

the beam tests. This arrangement allows us to run high-rate tests with Snow

White alone if the dwarf chamber fails (as is expected) when exposed to high

rates.

There were other problems with the test system. One was the absence of

pulse-shaping in the amp-discrimminator cards; the optimized pole-zero compo-

nents could not be installed in time for the run and were therefore left out. The

choice of trigger scintillators was also somewhat awkward; they were located too

close to the operating dwarf, resulting in the selection of events with three anode

clusters (two in the dwarf and one in Snow White) that were bunched closely

together, thus degrading the energy resolution of the event sample. In addition, a
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large number of pre-amp cable connectors became damaged by the strain of close-

packing, resulting in the loss of 15% of the readout channels in the dwarf chamber,

including 22% of upstream inner cathodes. The large number of dead channels

caused about 2/3 of the field-on decay positron events to be lost in reconstruc-

tion. Table 16 gives a summary of the problems associated with the prototype

system and their consequences on the chamber tests. Because of these difficulties,

certain features of the simulation had to be verified indirectly by comparing the

experimental results to those of events simulated by a Monte Carlo code modified

to match the conditions of the test system. For instance, we needed to include

the long tail of the chamber pulse in the MC code in order to generate simulated

high-rate events under the same conditions in which high-rate data was taken, for

the purpose of comparing the amount of pile-up in the two sets.

5.1.2 Chamber Performance

The prototype chambers reproduced basically the same behavior when illuminated

by decay positrons as when exposed to a hot source. The similarity in this aspect

of performance is a non-trivial observation. While decay positrons from the beam

are on average over 35 MeV in energy, and are therefore minimum-ionizing, the

decays of ^Sr and the daughter ^Y produce two beta electrons >/ith Emax of 0.546

and 2.283 MeV respectively, which generate greater amounts of primary ionization.

The difference in ionization density between the two methods of illumination might

cause the chambers to behave differently-a possibility that had to be checked. The

results of the stability study is summarized in table 17. While the dwarf chamber

was unstable at above 2350 V even at low rates, Snow White ran without trouble

at full voltage even when subjected to the highest beam rate delivered by the

accelerator at that time. These tests therefore confirmed the need for some change

to be made in the chamber system to eliminate the dark current problem, and

established the use of wider wire spacings as a viable compromise solution.

In addition to stability tests, we attempted to run the dwarf in current mode to

see if the discharge affects chamber operation. Since the beam induced current at

full muon rate is expected to exceed 5 i*A for each dwarf, a dark current of 1-5 fiA
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Table 17: Summary of chamber stability at different beam intensities

Average beam rate dwarf Snow White
(fi+fs) 1 mm wire spacing 2 mm wire spacing

Cosmic ray

Low rate
(~ 105)

medium rate
(~ 106)

high rate
(~ 107)

stable
up to 2450 V

occasional current mode
above 2350 V

unstable
above 2350 V

unstable
above 2200 V

stable
up to 1850 V

stable
up to 1850 V

stable
up to 1850 V

stable
up to 1850 V



CHAPTERS. 1990 MWPC TEST RESULTS 131

might be tolerable. For this test, the beam rate was raised to 3 x 106/x+/s, while

running the dwarf at 2350 V. Under these conditions, the chamber could be run

for 10-15 minutes before degenerating into current mode, where it typically draws

2fiA. Triggering the chamber read-out with a random pulser, we could see no

effect from the dark current. In some instances, the current quenched itself after

30-60 seconds, but at other times it lapsed into a mode drawing 100-200 //A of

current where we began to see spurious hits at positions correlated to the location

of garland posts. As the beam rate is raised further, the periods of stability

shortened from 10-15 minutes to 1-2 minutes, and every breakdown progressed

into the 200 /zA mode. It was clear from these results that we could not run the

MWPCs in current mode. We also decided to restrict the rate seen by the dwarf

to a maximum of 3 x 106 /*+/s, and to run the high rate tests with Snow White

only.

The efficient operation of the MWPC system also relies on the performance of

the read-out electronics. Some difficulties were encountered during the run. After

initial installation, the system was inoperable because of feed-back oscillations.

The trouble was traced to inadequate high-frequency grounding for pre-ainp cards

and cable shields, and was fixed by the application of copper tape to foitify the

ground paths. One the system was made stable, it was able to deliver the signal-

to-noise ratio required for efficient operation at 2450 V, as demonstrated by the

relative efficiency curves shown in figure 43. These plots were compiled on-line by

counting the fraction of events where at least one anode/cathode was hit. More

precise absolute efficient measurements wi'l be shown in a later section.

In addition to the oscillations and the dead channel problem, we also observed

occasional appearance of fireball events where all the pre-amp channels on one or

both ends of the chamber fired in unison. The frequency of these events varied with

time and beam rate, occurring more often at higher intensities, contaminating as

much as 10% of events in the worst instances. We found this problem to be related

to the earlier oscillations, where we could temporarily improv the stability of the

system by pressing on the copper tape contacts for the cable shields. The problem

would return later as the adhesive on the tape relaxed. Since the run, we have



CHAPTER 5. 1990 MWPC TEST RESULTS 132

2.0 2.1 2.2 2.3 2.4 2.5
anode-cathode voltage (kV)

en
c]

fi
ci

»»̂

a
ti

1.0-

0.81

0.6-

0.4-

0.2-

0.0-

Snow white .

/ /
anode / /

T / cathode

1.4 1.5 1.6 1.7 1.8 1.9 2.0
anode-cathode voltage (kV)

Figure 43: Plots of relative efficiency vs. anode-cathode voltage for the dwarf and
Snow White chambers.



CHAPTER 5. 1990 MWPC TEST RESULTS 133

redesigned the grounding for the pre-amp cables, and isolated the high-voltage

distribution on the anode pre-amp cards to reduce card-to-card coupling.

5.1.3 Data Collection

Because of limited beam time available, only a couple of days were devoted to

data-taking for the MWPC tests. The beam data is supplemented by a substantial

amount of cosmic ray data taken during beam-down periods and immediately after

the run. For most of the data taken , the dwarf voltage was set at 2350 V, which

is below the knee of the plateau curve shown in figure 43. This compromise was

made in exchange for better stability against current mode. The Snow White

chamber was operated at 1850 V where both anodes and cathodes were well on

plateau.

The data collected from the chamber tests were divided into the following four

categories:

1. Cosmic ray events, taken using the cosmic trigger provided by the Chicago

box from coincidences between upper and lower photon scintillators. Both

field-on and -off data were collected.

2. Low-rate field-off muon decay events. Decays in target are selected by trig-

gering on a single photon scintillator hit, while decays from the upstream

vacuum window are selected by requiring a coincidence between a photon

scintillator and the upstream ring counter.

3. Low-rate field-on muon decay events containing a single positron track, trig-

gered by the logical OR of a set of 16 contiguous positron scintillators.

4. High-rate field-on muon decay events. Only Snow White is powered for this

set of data and a random pulser trigger is used.

Straight track data from categories (1) and (2) above were used for chamber align-

ment, measurement of absolute chamber efficiencies vs. applied voltage, extraction
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of hit multiplicities vs. crossing angles, and for measuring chamber position res-

olution for comparison to simulations. Category (3) events, containing a single

helical positron track, were analyzed to generate an experimental energy spectrum,

to be compared to the simulated spectrum. Finally, high-rate data of category (4)

were used to verify the MC predictions on the degree of pile-up in the chambers

at various beam intensities, up to an instantaneous rate of 240 MHz.

5.1.4 Positron Arm Monte Carlo Code

A fairly sophisticated Monte Carlo simulation was developed for the positron arm

[59], initially for the optimization of the chamber system design, and later for

the development of analysis software. Both these tasks require the code to give a

realistic representation of chamber response on a microscopic scale, including the

correct spatial and temporal distributions of signals. The program also contains

the necessary simulation of interactions between the charged particles and the

chamber system.

The standard simulation code is divided into two parts. The first part is

used to generate a sequence of single positron tracks propagated through the

positron arm until the particle either leaves the tension shell, or is stopped in the

lead collar under the positron scintillators. The user can choose the momentum

distribution given by the Michel formula, or fix the energy of the positrons at

52.8 MeV. The polarization of the stopped muons is also user-selectable. Physical

interactions between the particles and the detector system is simulated using the

BREM2 package developed at LAMPF [60]. This set of routines calculates the

energy loss and scattering angles over discrete steps supplied by the calling routine.

Bremsstrahlung photons above a pre-set cut are recorded without subsequent

transport. Below the photon cut, continuous energy losses are simulated with the

Vavilov distribution, while r.m.s. multiple scattering angles are calculated from

Moliere theory. Positrons and electrons are treated identically, incurring about

a 2% error in the energy loss for positrons. Explicit positron annihilation and

Bhabha scattering are also left out because of their small cross-sections. Lastly,

interaction in helium gas is assumed to be negligible in order to maximize the
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speed of the code.

The second part of the program is used to assemble event frames using the

tracks generated from the first part. The user is given the choice of including (1)

only signal events in time with the trigger, (2) only background events randomly

distributed in time, or (3) both of the above. The signal event is in fact shifted

by a random interval in time to simulate a jitter in the trigger system, while

background events are generated starting at up to 200 ns before to the trigger to

correctly account for the pile-up. The response of the chamber to each crossing

is modeled in detail. First, the amount of ionization is made proportional to the

total energy deposited into the chamber gas by the particle, recorded during track

generation. This energy is then divided among ion clusters that are randomly

distributed along the trajectory of the incident positron, to be shared between

neighboring cells where applicable. The location of the ion clusters are then used

to calculate the drift delay for each hit cell.

For each wire, a digital sampling of its output is kept for a preset period Tgate

starting at the trigger. The shaped signal pulse from each crossing, with strength

proportional to the collected charge, and delayed appropriately in time, is sim-

ply added to the output record. Multiple hits on the same wire are therefore

superposed. A hit is registered for the wire if the accumulated signal strength

exceeds the threshold within Tgate after the trigger. Although the simulated read-

out scheme appears to be different than the actual hardware implementation, the

two are in fact logically equivalent; Tgate in the code represents a constant gate

in the latches, which in our hardware is replaced by the extra width added to

the amp-disc output pulse. The recording and superposition of cathode signals

are handled in the s&me way as for wires. The image charge on each stripe is

calculated from the distribution obtained by the convolution of the z extent of

the ion clusters with equation 22. The contributions from the different cells are

summed for each stripe.

Several modifications were made to the simulations in order to match the

conditions of th 1990 run; most of these changes did not require alterations to the

code itself. They are listed as follows:
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1. Snow White wire spacing was increased to 2 mm;

2. dead channels were included;

3. scintillators were restricted to those in the trigger;

4. unshaped chamber pulses were used to reflect the absence of a pole-zero

filter;

5. a realistic beam profile (previously uniform over the target) was included;

6. a variant version for straight tracks (field-off) was created.

5.2 Analysis of Straight Track Data

5.2.1 Channel Mapping and Chamber Alignment

Straight track events were used (a) to verify the FASTBUS-to-detector-channel

mapping of the positron chambers and (b) to check the alignment of the detector

elements. In the first instance, the <f> positions of cathode crossings are compared

to that of the nearest anode cluster. The observed difference is entered as the y-

component in a 2-d histogram, while the position of the anode or cathode clusters

is entered as the x-component. One such plot is produced for each set of elec-

trodes. If the map were correct, the resulting histogram would show a well-defined

peak in y at zero for each bin in x. We were checking specifically for thee types of

anomalies: (a) random distribution in x for a pre-amp card that has been incor-

rectly mapped, (b) displacement of the peaks in a contiguous group of channels,

indicating a pre-amp card was plugged in with channels offset, and (c) y-peaks

offset from zero, forming a straight line that passes through zero at the center of

a pre-amp card, indicating the order of channels is reversed. The actual analysis

turned up no mis-identified cards, but revealed one instance each of cases (b) and

(c). The reversed channels were traced to a pre-amp cable connector plugged in

backward, which was very puzzling since the reversal in polarity should cause the
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card to appear dead. A later examination of the cable revealed that the connector

was assembled with the wrong polarity.

The alignment check consisted primarily of determining the self-rotation of the

two chambers used in the test. The internal alignment of the chambers themselves

are carefully monitored during the assembly process, while precision-drilled holes

accurately fixed the location of the chamber axes. The only remaining degree

of freedom is therefore the rotation of each chamber about its own axis, which

is maintained only to within about 1°. These rotation angles are determined by

minimizing the cumulative x2 from fitting tracks from cosmic rays that leave two

hits each in the dwarf and in Snow White. Using the MINUIT minimization pack-

age from CERN and about 10,000 cosmic ray events, we were able to determine

the rotation angles of the dwarf and Snow White to within 0.01° (using the vector

from the center of the Snow White to that of the dwarf as the fixed reference).

The 0.01° precision should limit the error in energy determination with the system

to better than a few tens of KeV. Here too the results contained an unexpected

surprise, showing a deviation of ±3° from its expected orientation. An exami-

nation after disassembly revealed that the chamber, was rotated by more than 2°

relative to its correct orientation on the stainless-steel substrates in the direction

of the observed discrepancy.

Other alignments were also possible. The 2-offset of the photon scintillators

and their orientation relative to the above reference vector were also determined

using straight tracks. For the azimuthal orientation we selected field-off muon

decay events where a single scintillator is hit, and histogrammed the difference

between the position of the center of the histogram and that obtained by extrap-

olating reconstructed tracks through the mid-plane of the scintillators. For the

2-offset, we compared the z coordinate of the scintillator hit determined by the

time difference to that calculated from dwarf hits. Since the scintiHator barrel

is precisely mated to the MWPC and drift chambers, these measurements also

provide the relative alignment between the two arms of the detector at a level of

accuracy sufficient for the test run. Both straight track data from muon decays in

the upstream vacuum window and helical track events from decays in the target
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were used to determine the orientation of the positron scintillator barrel. The

precision achieved was roughly 0.1°.

5.2.2 Tracking Efficiency

Events of the type shown in figure 44 were selected for the measurement of absolute

crossing efficiencies of the dwarf vs. applied voltage. Hits in locations A and C

were used to predict anode and cathode numbers for the chamber crossing at

point B. The list of channels reporting was then searched for a hit wire within ±2

spacings of the predicted anode position, and for hit cathode within one stripe of

the interpolated value. An event was discarded if the predicted position of the hit

lies within two wires or one stripe of a dead region.

Three different sets of data were examined in this analysis: (a) cosmic ray

events with the magnet off, (b) cosmic ray data with B — 1.5 T, and (c) field-

off events from muon decays in the upstream vacuum window. No significant

difference was found among the different types of events; in particular, we saw

no deterioration of chamber efficiencies in the presence of the magnetic field.

Figure 45 shows the results of the analysis. The three groups of data points

give the measured efficiencies for anodes, cathodes and triples plotted against thrr

chamber voltage. The knees for the anode plateau occurs at approximately 2250

V, while that for the cathode is seen at 2400 V. The higher plateau voltage for

the cathodes reflects the fact that the two cathode planes each receives only half

of the ionization from a cell; the difference of 150 V represents almost exactly a

factor of two in gas gain. These results confirm 2450 V as the required operating

voltage for the chamber, where the measured anode and cathode efficiencies are

98.4±1.0% and 97.2±1.2% respectively.

It is important to note that the efficiency for triples in figure 45 is almost the

same as that for cathodes. This result clearly indicates that inefficiencies in the

three types of elements are almost 100% correlated. This correlation is precisely

what one would expect for a working chamber, where inefficiencies are due to too

little ionization in those crossings failing to register hits.
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Figure 44: A typical event used for the measurement of chamber efficiency.
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Figure 46: Typical time spectrum for MWPC signals.

5.2.3 Timing Test

The intrinsic drift time distribution had previously been measured for a prototype

chamber which had short (~ 20 cm) wires and having the same wire spacing and

half gap as the dwarf chambers. These tests showed the collection time of the

chamber, running a 80% CF4 + 20% isobutane mixture, was contained to within

12 ns (base width) [51].

For the 1990 run, we also made some crude timing measurements on the cham-

bers by re-routing the output of individual pre-amp cards from a latch module

to a TDC. These tests were intended to look for differences between anode and

cathode cards that might occur as the result of different transmission properties

between wires and stripes, and to see difference between the dwarf chamber and

the double-spaced Snow White. Using cosmic ray triggers, we looked at anode

and cathode cards in turn from both chambers. Anode and cathode results were

basically identical, while we could see no evidence of broadening in Snow White
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as the result of the wider spacing.

Figure 46 shows a typical time spectrum, where the TDC is fired by the leading

edge of the amp-disc output pulse. In addition to the drift time, this spectrum

contains the following contributions: (a) ~5 ns intrinsic jitter in the Chicago box

which provides the trigger, ~2-3 ns time-of-flight broadening, (c) ~3 ns leading-

edge slewing from variations in pulse-height, and (d) up to 6 ns variation in

propagation from location of chamber hit to the pre-amp circuit. With these

additional components, the resulting distribution of arrival times at the TDC

should roughly double in width from that of the collection time. The spectrum

shown in figure 46 with FWHM of 10 ns is therefore consistent with expectations.

It is important for the fi —* cy search that the distribution of arrival times be

made as short as possible. If the spectrum is too broad, then the gate time (in our

case the width added to time-over-threshold) would have to be widened, resulting

in increased background in the chambers.

5.2.4 Hit Multiplicities

Apart from the rate of incident particles, the occupation fraction of the chambers

also depend on the number of wires or stripes lit up by each hit. For anodes, the

multiplicity is determined mainly by geometry-i.e. the number of cells crossed

by a given track. The situation is slightly more complicated for cathodes, where

a realistic model of the image charge distribution is needed to make a correct

simulation of hit multiplicities. The cathode multiplicity was one aspect of the

Monte Carlo code that needed verification, since it is dependent on the image

charge distribution given by equation 22, taken from the measurements of other

groups on chambers with different cell geometries. In addition, the code does not

include cross-talk between neighboring channels; which is an effect that occurs at

the 3-5% level and potentially increases the multiplicity.

A comparison between simulation and data of the multiplicity had been made

for a prototype chamber with 2 mm wide cathode stripes [51], where the aver-

age multiplicity seen in the data exceeded that in the simulation by about 25%.

However, these tests covered only incident angles up to 45°, and the stripe width



CHAPTER 5. 1990 MWPC TEST RESULTS 143

had since been changed to 3 mm. We therefore included multiplicity count in the

analysis of the straight track data. Field-on and field-off cosmic data, as well as

decay events from the target were included in the analysis. Again the magnetic

field did not appear to make any difference in the results.

Figure 47 shows the histograms of hit multiplicity vs. incident angle of straight

track on the chamber. The angle used here is that between the x-y projection (end

view) of the track and the normal vector of the chamber (see figure 48), averaged

over the incline angle. Events with incident angles up to 80° are included. Beyond

this value, the two hit clusters in the chamber cannot be resolved. The anode

distributions are in excellent agreement between experiment and Monte Carlo,

where at very large angles the data exceeds the simulation results by about 10%.

The discrepancies were somewhat larger for the cathodes, with the data averaging

~20% higher over the while range of angles, roughly consistent with the prototype

results.

It should be mentioned that the simulated cathode multiplicity was found to

be very sensitive to the threshold. In the results presented, we used the standard

threshold settings that had previously been used in the code for chamber design

and code development. By a 50% reduction in this setting, we can increase the

average MC cathode count to equal that in the data. Curiously, we found no

difference between the results from data taken at 2350 V and those taken at 2450

V, where the increase in voltage is equivalent to a 30% reduction in the threshold.

This dissimilarity in behavior might be indicative of a significant contribution

from cross-talk. In any case, the level of agreement in figure 48 is quite adequate

for MEGA's needs, and is seen as a success for the simulation program.

5.2.5 Position Resolution

A comparison is made between the observed and simulated position resolutions

of the chambers in the following way. Events of the type shown in figure 44 are

selected, and chamber hits at points B and C are used to predict the location of

the hit at point A. The difference between the projected <f>, z values and those

calculated from the chamber triple are histogrammed. The result of this analysis is



CHAPTER 5. 1990 MWPC TEST RESULTS 144

20

15

10

• iH

6

4-

Data
Anode

• o - . .
I—I—I—I—I—I—h

Cathode

• o 0 o

o o a D • • •

2-annnnD °
D • D • a - •

MC
Anode

a•••o•
in
I—i H—f-

Cathode

• 0 a

D D D • a «.

0 10 20 30 40 50 80 70 80 0 10 20 30 40 50 60 70 80

Track Incident Angle (deg)

Figure 47: Comparison of hit multiplicity vs. track incident angle for data and
simulated events. The average multiplicities are shown in the profile on the right
of each plot.



CHAPTERS. 1990 MWPC TEST RESULTS 145

Figure 48: Straight track crossing a dwarf chamber with incident angle 6.

shown in figure 49. For both A<fi and Az, the simulation is in excellent agreement

with experiment. From this comparison it appears that the position resolution of

the chambers are reproduced accurately by the simulation program. It should be

emphasized that these distributions contain contributions from positional errors in

all three chamber hits used as well as distortions from the extrapolation procedure,

and therefore do not represent the intrinsic resolutions for the chamber itself. The

Monte Carlo distributions of the inherent A<f> and Az are given in the plots of

figure 50.

To provide another measure of the chamber resolution, an attempt was made

to resolve the 1.11 cm radius hole in the vertical target by extrapolating the track

defined by two dwarf hits back to the target plane. This analysis was performed

on (a) Monte Carlo events generated from a vertical target without a hole, (b)

Monte Carlo events generated from a vertical target with a 1.11 cm radius hole,

(c) Field-off data taken using the vertical target with the 1.11 cm radius hole.

Comparison of the three cases is shown in figure 51, where we histogrammed
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difference between projected and actual <j> (top) and z (bottom) coordinates of
hits in Snow White from straight tracks.
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the reconstructed value of rtgt, the distance from the center of the target to the

extrapolated point of origin of a track in the target. Each event is weighed by

\/rtgt to factor out the phase-space r dependence. Plots (A) and (B) in figure 51

each shows a deficit of events at small values of r, in contrast to plot (A), which

rises to a maximum at rtgt = 0. The effect of the hole is thus clearly observable, but

the resolution is rather poor owing to the lack of redundancy from only two dwarf

hits. Nevertheless, the two lower plots show approximately the same resolution

for the hole, so that simulation is in good agreement with experiment.

It should be noted that with the magnetic field off, the focussing action pro-

vided by the solenoid is lost. Consequently, the beam spot becomes expanded,

causing a large fraction of the muons to stop in the upstream lead collar and in the

target bag. For this reason, more than half of the events taken with the photon

scintillator trigger do not trace back to the target. A quantity that is useful for

estimating the point of origin of a track is Zbag, the average z-coordinate of the

two extrapolated points of intersection between the reconstructed track and the

target bag. The distribution of Zbag for data events is shown in figure 52. There

is clearly a peak associates with the target located at the dashed line marked (a).

Under the peak is a background continuum that extends upstream to the end of

the lead shield at the dashed line marked (b). Since about half of the muon beam

passes through the hole in the target, the relative scarcity of events downstream

of the target peak in figure 52 indicates that the muons are most likely stopping

in the target bag and not in the gas volumes. In the analysis, a ±5 cm cut is

made on zug about the location of the target. This cut is made to eliminate most

of the muon decays away from the target, but actually has very little effect on the

clarity of the hole in the target. It should also be noted that we made no attempt

in the simulation to reproduce the expanded beam spot for the field-off data, as

reflected by the broader rtgt distribution in figure 51(C).

5.2.6 Inefficiency at Garlands

One feature of the chambers not reproduced in the simulation is the presence of

garlands. The dielectric materials from these structures deform the electric field



CHAPTER 5. 199G MWPC TEST RESULTS 149

1 2 3
reconstructed

4 5
i (cm)

Figure 51: Reconstructed rtgt histogrammed with weight \frtgt for (A) MC events
from target without hole, (B) MC events from target with 1.11 cm radius hole,
and (C) data events taken using target with hole. See text for details.



CHAPTER 5. 1990 MWPC TEST RESULTS 150

800

600-

CQ

§400-

200-

-60 -20 0 20 40 60
z, (cm)

bag v '
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intersection points between the target bag and straight track, accumulated from
field-off events taken with the single photon scintillator trigger.
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near the wires and create a dead region around the garland. Previously, the size

of the dead region around a nylon mono-filament was measured on a shortened

prototype MWPC, where an analysis of tracking efficiencies revealed that an area

of ~ ±1.5 mm around the filament was rendered insensitive. With the addition

of the glass fibers and the posts, the affected region was expected to increase in

size.

The size of the dead regions was measured on the full-size chambers using

cosmic ray data. The analysis was very simple: we histogrammed the z-position

of chamber hits and looked for local depletion around the garlands. Figure 53

shows the result of this analysis. In both the dwarf and Snow White, we see very

sharp dips at the garland positions. The discontinuity at z = 0 in the plot for the

dwarf reflects the difference in the number of dead cathode channels between the

two halves of the chamber. By counting the number of missing hits, we estimate

the dead region to be about 6 mm in full width, twice that produced by the nylon

filament alone. With 4 garlands in each chamber, about 2% of the active area is

lost.

5.3 Analysis of Helical Track Data

5.3.1 Track Reconstruction

Events of the type shown in figure 54 are triggered by the OR of the 16 upstream

positron scintillators shown in the picture. The muon beam is turned down to

give an instantaneous rate of less than 105 /*+/s, so that only a single track is

present for almost all of the triggers. Triggered events with at least one triple in

dwarf 6 are selected for taping by a simple filter implemented in a 6-node ACP

farm. Because of the location of the trigger scintillators, nearly all of the events

written to tape cross both dwarf 6 and dwarf 7, traversing the chambers at points

A-F as shown in figure 54. In the actual data taken, we have only points E-F from

which to reconstruct the positron track. Points B and C are lost because dwarf

7 was damaged prior to data-taking, while point A lies outside the instrumented
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region of Snow White.

For reconstruction, the magnetic field is assumed to be perfectly uniform, and

the positron tracks are taken to be ideal helices parametrized by:

x = Xh + rh cos(w) ,

y = t/fc + r/, sin(w) ,

z = ah + bhu> . (26)

The parameters x/,, y^ and r/, are determined by the anode hits at points D,

E and F. The phase a^ and pitch 6/, of the helix are calculated from a least-

squares fit of the z positions of the chamber triples to a linear function of the

corresponding turning angles u>. The one exceptional aspect of the algorithm is

the assignment of u; to the triples, where we must subtract appropriate multiples of

360° commensurate with the number of loops made by the track prior to registering

a given chamber hit. This task is made more complicated by the ~40% chance

of losing a dwarf triple to dead channels, so that one cannot simply subtract an

incremental 360° for every pair of dwarf hits (the positron hits the dwarf chamber

twice in each revolution).

A special reconstruction algorithm was developed specifically to handle the

problem of missing hits in loop counting. The strategy is to determine the number

of loops n between the first and the last triples by trial-and-error. After sorting

the N hits in descending order by z (i.e. away from the target), we step through

all values of n from 0 to 10 (inclusive). For each n, we determine a hypothetical

slope

b* = ̂ LZIL (27)

from the two end points, where ŵ v has already had 360° x n subtracted from the

nominal value. Tentative loop numbers are then assigned to the remainder of the

hits according to the calculated slope. The resulting (u>i,Zi) pairs (the first hit is
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assumed to have the largest value of u>) are then fitted to a straight line and x 2 / "

(j/=no. of degrees of freedom in the fit) is kept as an indicator for goodness-of-fit.

We also apply the Rayleigh periodicity test [61] to the data points based on

the hypothetical slope 6* by calculating the quantity

where Bf is the Rayleigh angle (the phase angle corresponding to the difference

between the observed z position and that expected from the hypothesis) for the

ith hit given by:

ef = «-[*! +*(<*-<*)] . (29)

In the ideal case, the correct value of n = n0 should give ^ = 1, so that the value

of C7 is kept as another goodness-of-fit indicator. The criteria (involving both

indicators) for a good fit were determined empirically by hand-scanning events

and following the fitting procedure with the VAX/VMS DEBUGGER facility.

A peculiar feature of this reconstruction algorithm is that it yields better

values of x 2 / " (smaller=better) and (7 (larger=better) for multiples of the correct

value (n = mn0, m = 2,3,4---) than for n — n0. We therefore choose as our

best estimate for n0 the smallest value of n for which the empirical criteria are

satisfied.

Also because of the large number of dead channels, the reconstruction efficiency

for events with at least one triple in dwarf chamber 6 is only about 30% in both

simulation and experiment. Most of the events lost are those that pass through

the chambers only once, which are vulnerable to the loss of even a single triple. To

assess the performance of the reconstruction code, over 2000 data and simulated

events each are scanned by hand. In both cases, ~4% of the events are improperly

reconstructed as the result of incorrect loop counting. A quarter of the errors are

due to the loss of both triples in the same loop through the dwarf, and to the

appearance of ghost triples (i.e. triples formed from random coincidences between

uncorrelated anode and cathode hits). Both these problems are enhanced by the
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use of only a single dwarf chamber; we expect significant improvement with a full

positron arm free of dead channels. The remaining 3% of the errors are due to the

dip angle A of the track being too small. These tracks lie outside of the acceptance

region of 10° < A < 45° and should present no problems for a fi —* cy search.

One serious difference found between the data and the Monte Carlo was the

failure of the reconstructed track to extrapolate back to the target in a third of the

data events, compared to less than 5% in the simulated events. Hand-scanning of

the anomalous MC events showed them to have been incorrectly reconstructed.

Similar examination of the bad data events showed most of them to have been

handled properly by the reconstruction code, and that the tracks do intersect the

target bag. The only plausible explanation for this discrepancy was that a large

number of muons were being stopped away from the target, a situation that might

arise if, for instance, the focussing quadruples were mis-tuned, or if the target bag

was contaminated with a significant amount of air. To ensure that the effect is

not an artifact of the reconstruction program, the analysis was repeated with an

alternate code, which reproduced the disagreement between data and simulation.

Figure 55 shows the distributions of Zbag values for three different sets of events:

(A) muon data taken using a solid vertical target, (B) Michel data taken using a

annular target with a 1.11 cm radius hole, and (C) Monte Carlo with beam stopped

in a similar annular target. The value Zbag is calculated by taking the average

of z-coordinates of the two points of intersection between the target bag and the

reconstructed track extrapolated back to just before the first observed triple. Like

the analogous value calculated for straight tracks, Zbag gives an estimate for the

point of origin of the track. In comparing the three plots, it is clear that the

experimental distributions show excesses of events away from the peak located

at the target when compared to the Monte Carlo distribution. Some background

distribution for zj,Ofl is expected even in the simulated events because of loss of

triples to dead channels and to chamber inefficiencies.

Distribution (A) in the figure is compiled from data taken for a practice

fi —> cy search (to be described later) and contains rather poor statistics. It

should be noted however that the excess background in case (A) is only half of
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Figure 55: Zbag distributions for (A) Michel positron data taken using a vertical
target without a hole, (B) Michel data taken using a target with a 1.11 cm radius
hole, and (C) Monte Carlo with beam stopped in a vertical target.
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that for case (B). This observation, and the relative scarcity of downstream events

in figure 55(B), are consistent with the hypothesis of a fraction of muons being

stopped in the target bag wall. Roughly half the beam delivered to the target

travels through the hole, so that one would expect the ratio of events in the peak

near the target to that of the background would be approximately doubled for a

solid circular target when compared to the annular target. Unfortunately, without

an active target, we cannot be absolutely sure of the source of the problem and

must wait for future runs for clarification.

5.3.2 Comparison with Simulation

The compilation of the energy spectrum from the field-on muon decay data serves

two important purposes: (a) validation of the MC prediction for the end-point

location (shifted by energy loss) and energy resolution, and (b) verification of

the simulation for the acceptance vs. energy relation of the positron arm. The

correct reproduction of the acceptance at energies lower than 52.8 MeV is of great

importance for other experiments that might be run using the MEGA detector,

such asa/» -» e77 search or a precise measurement of the Michel p parameter.

A proper comparison between the experimental and simulated spectra required

the precise reproduction of the conditions of data-taking. In particular, the shape

of the spectrum is very sensitive to the location of the beam spot, as was seen in

Monte Carlo studies. This dependence is due to the gross asymmetry of the one-

dwarf detector system; positrons with energy below 40 MeV from the lower half

of the target are more likely to pass through dwarf 6 than those from the upper

half of the target. Therefore, the acceptance below 40 MeV becomes enhanced

in the lower half of the target, as illustrated by the histogram of reconstructed

energy vs. y-coordinate of decay point in figure 56. In addition, the amount of

smearing at the 52.8 MeV cutoff is less severe for the events from the upper half

of the target, indicating better energy resolution.

The reproduction of the experimental spectrum thus requires the duplication

of the correct beam spot location and shape by the Monte Carlo code. For this

purpose, the beam profile is modeled as a bivariate Gaussian
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The appropriate values of x~, y, ox and <7y are then determined by iteratively fitting

the experimental x~ and y- distribution of reconstructed decay points to those from

Monte Carlo event sets generated over a wide range of the above parameters.

Another problem encountered in reproducing the experimental energy spec-

trum is the occurrence of off-target events. The acceptance for these events are

unknown since we cannot determine precisely their points of origin. In this way

the off-target events modify the shape of the energy spectrum in a way that can-

not be accurately modeled, and it was therefore decided to discard these events

by imposing a ±1.5 cm cut on the value of Zbag about the nominal position of

the target. However, this cut could not completely eliminate the off-target events

that made only a single pass through the chambers since the large values of A

make it more likely for these tracks to extrapolate back through the target even

if they did not originate on the target. We therefore also eliminated all one-loop

tracks, which accounted for only 10% of reconstructed data events and 5% of the

MC events. The scarcity of one-loop events is the result of heavy losses incurred

by dead channels.

Figure 57 shows the comparison between the experimental and simulated

Michel energy spectra. The data sample contains roughly. 1.5 x 10s events, while

the Monte Carlo sample has four times the statistics of the data. The error bars

shown for the data points are exaggerated by a factor of ^5/4 to include the error

of the MC sample for this comparison. From the figure, we see that the shapes of

the two spectra are very similar, with good agreement above 40 MeV but notice-

able deviations below 35 MeV. The smearing of the kinematic edge is about the

same for the two sets of events, except for the larger tail in the data. The energy

resolutions for the two sets of events are therefore in reasonable agreement, as are

the end-points in the two spectra. Reconstruction of mono-energetic 52.8 MeV

positrons from simulated events yields the line shape shown in figure 58. The

distribution is centered at 52.6 MeV, reflecting an average energy loss of ab. it

200 KeV in agreement with previous simulation results.
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Figure 57: Comparison of experimental and simulated Michel spectra. The error
bars shown for data events contains the statistical error of the MC sample, which
has 4 times the statistics of the data.



CHAPTER 5. 1990 MWPC TEST RESULTS 162

600

600-

n•g
§400

200-

; 3.5 MeV/c

52.6 MeV

40 45 50 55 60 65
reconstructed momentum (MeV/c)

Figure 58: Reconstructed momentum spectrum for simulated 52.8 MeV positrons,
generated using the same parameters and triggers as data events.
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The FWHM of the distribution in figure 58 is 3.5 MeV, much worse than the

design value of 310 KeV. There are two major reasons for the poor resolution.

First, only three points on the circle of the track are used for calculating Xh, yh

and r&, fii contrast with the usual six. We therefore lose the partial cancellation

of the positional errors in the individual points by the addition degrees of f eedom

in the fit. Second, the location of trigger scintillators shown in figure 54 limits us

to those events with a very small lever arm between points E and F on the track,

leading to very large errors in the determination of the circle. Nevertheless, the

agreement between data and MC in figure 57 demonstrates the ability of the MC

code to reproduce experimental results, and serves as indirect verification for the

predicted energy resolution.

5.4 High Rate Tests

The instability of the dwarf chamber restricted the high rate tests to comparing

counting statistics in Snow White and positron scintillators. The system was

run at various beam intensities up to an instantaneous rate of 240 MHz, while

data was taken using a solid vertical target and a random pulser trigger. The

rate estimates in these runs were obtained from readings on sealers attached to

positron scintillators. The calibration factor, determined previously from beam

development runs, is accurate only to 10-15%. The large number of off-target

events in the Zbag plot shown in figure 55A makes the rate calibration even less

certain. We estimate that the calculated rates used for the run are reliable only

to about ±20% in overall scaling. For a future /i - t e ] search, we anticipate

the normalization to be no better ±10%, with the uncertainty in the beam rate

calibration being the dominant contribution.

To verify the rate calibration, we compared the average number of positron

scintillator clusters hit per event in data events to those in simulated events. After

a 500 ns cut on the TDC times to match the gate used in the MC simulation, very

good agreement is seen between the two samples, as illustrated by figure 59(A),

which shows the average number of clusters plotted against the rate for the two
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Figure 59: Comparison of observed and simulated average rates of(A) positron
scintillator clusters and (B) Snow White anode clusters vs. instantaneous muon
stopping rate.
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Figure 61: Comparison of a raw chamber pulse and a shaped analog pulse.

cases.

To compare the observed amount of pile-up to simulation, we plotted the

average number of anode clusters, cathode clusters and triples versus the beam

rate, shown respectively figures 59(B), 60(A), and 60(B). While the observed

anode rate was slightly above the simulated rate, the experimental cathode rate

was significantly below the MC values. We attribute the larger discrepancy in the

cathode rates to the absence of pulse-shaping in the readout electronics. Without

the pole-zero cancellation, the width of the ECL signal generated by the amp-

disc, circuit becomes dominated by the long tail of the chamber pulse, which

makes the time-over-threshold much more sensitive to a change in the threshold

voltage than would be the case with shaped pulses, as illustrated by figure 61

(where we see that a change in threshold from Vthi to Vth2 shortens the ECL

output width of time-over-threshold + 18 ns from 95 to 75 ns in the absence of

pulse-shaping, and from 42 to 40 ns with shaping). Under these conditions, the

accurate reproduction of pile-up requires the correct modeling of the pulse-height
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distribution and the threshold. For the simulation, we used a value of 0.06 for the

ratio of cathode threshold setting to average pulse-height, which is the same as

that used for previous Monte Carlo studies, while the value for the experimental

set up was estimated to have been about 0.2. The different ratios are consistent

with the the lower rates seen in the data, since higher threshold settings lead to

shorter average gates.

The results in the figures 59 and 60 indicate that the degree of pile-up is

adequately modeled by the positron arm Monte Carlo program. The discrepancies

in the results seen are within tolerable levels. We expect the level of agreement

improved with the pulse-shaping installed on the amp-disc cards.

5.5 Michel p Parameter

One analysis that can be done with the field-on muon decay data is the extrac-

tion of the Michel p from the experimental energy spectrum, p is one of several

parameters that appear in the expression for the differential decay width of the

fi+ from a generalized 4-fermion model of weak interactions:

dT
oc x2 [ (1 + 4S.7)-1 [6(1 - x) + 4p (^x - l ) + 12e»y 0-^

dx dcosO

where we have:

x = Etj1m^ the fraction energy of the positron,

Pft = polarization of the muon beam ,

0 = angle from polarization axis,

while p, 6, £, and rj are the model-dependent parameters given in reference [62].

In the standard V-A model of weak interaction, they take on the values:

p = 0.75 ,
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6 = 0.75 ,

V = 0 ,

£ = 1.00 .

Any deviation from these values would indicate new physics beyond the Standard

Model.

In a contemporary context, the p parameter is of great theoretical interest as

a probe for the mixing of left- and right-handed W bosons in left-right symmet-

ric models. For the minimal SU(2)jiXSU(2)L,xU(l) model, a straight-forward

derivation (see reference [63]) gives the following approximation for p:

p « | (l - 2C2) (32)

where £ is the mixing angle between WL and WR. The experimental limits on p

currently quoted by the Particle Data Group (PDG) comes from a re-analysis of

the results of the thesis experiment of John Peoples from 25 years ago [64, 65].

The handbook value of

p = 0.7518 ± 0.0026 (33)

gives one of the most stringent experimental limits on the value of £. The MEGA

collaboration and a TRIUMF-Soviet group have both submitted proposals for im-

proved measurements of/? [63, 66]. A MEGA proposal for a Ap=0.00075 measure-

ment has been approved, while feasibility studies are continuing for a A/»=0.0001

experiment. As part of the learning process for the author and for the group, an

extraction of p on the experimental Michel spectrum was performed. With only

1.5 x 105 events and severe systematic problems associated with the asymmetry

of the detector system, this exercise was not expected to yield any publishable

results.

5.5.1 Method of Extraction

Three methods were used for extracting the p parameter. The first consists of

fitting the experimental spectrum to a linear combination of two normalized Monte
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Carlo spectra with events generated initially from:

Mi(x,cos9) = x2[(3-2x) + PMcos$(2x-l)) , (34)

M2(x) = | * 3 ( 4 * - 3 ) . (35)

The distribution of equation 34 is the nominal Michel spectrum with 6, ij, and

£ set to the standard model values, and p=0.75. Equation 35 gives the incremental

change in energy spectrum corresponding to a deviation in p from 0.75, so that

the positron spectrum for an arbitrary value of p is generated from the function

) . (36)

In the analysis, the experimental spectrum is fitted to the following sum

r(«) = 2i/,(*) + 2i/a(«) , (37)

r\ [lit

fi(x) = / dcos$ d<t>A(x,cosO,<f>)Mi(x,cos6) , (38)
J~\ Jo

h{x) = I* dco*6 f *d<f>A{x,co&9,<t>)M2{x) , (39)
7-i Jo

where A(x, cos 6, <f>) is the acceptance function, while / i and / j are the recon-

structed energy spectra for Mi and M2 respectively (the convolution integral be-

ing performed implicitly by the detector and trigger system). A simulated f2

distribution is shown in Figure 62. In order that ni and n2 represent numbers of

events in T(x) attributed to / i and /2 respectively, we normalize the Monte Carlo

spectra with the following value in the denominators

* = I' U{x)dx (40)
Jxx

where [xi,X2] is the interval over which the fit is to be performed. To keep sys-

tematic errors under control, we have restricted the fitting to between 40 and 52

MeV. Below 40 MeV, the shape of the energy spectrum becomes very sensitive
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Figure 62: Simulation of the fz spectrum, which represents the reconstructed
energy spectrum corresponding to an incremental change in p from 0.75.

to the tails of the beam profile, which we had not attempted to measure with

precision. Above 52 MeV the fit becomes distorted by the difference between the

high-energy tails of data and MC. The lower limit of 40 MeV has the additional

benefit that we need only use the part of Af^x) that is positive definite (x > | ) .

We now define the acceptance factors a,- of our detector for events from distri-

butions Mi by:

f2 fi(x) = a, fdil f1 dxMi{x,u>) (41)
Jx\ J JZ/4

The values cti,oti are therefore the fractions of events generated between x =

3/4 and x = 1 from the distributions MivM2 that fall within the acceptance of

our detector and within the fitting range. They are evaluated by Monte Carlo

simulation.

With the above definition, the values nt and n2 are then given by (see equa-

tions 36-40):
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«i = n0oi IdCl f dxMi{x,u) , (42)
J J3/4

nj = no«2 (/> — T ) I dil I dxMzix) , (43)

where no is a normalization constant. Dividing equation 43 by 42 we then get the

formula for determining p from the fitted values of n,:

' - i + i r ? * ' (44)

where K is a theoretical constant given by

fdSl£/4dx Afrfocosfl)
K ' " M2(x)

3x2(3-2x)

- f •
In the actual simulation, first-order radiative corrections were included in the

event generators as prescribed in reference [62]. For the rather poor energy reso-

lution of this study, one cannot really see the softening of the cutoff at 52.8 MeV

by the extra tr us, even though it would have incurred an an offset of 0.04 in p

had it been left out of the analysis of Peoples' experiment [65]. The additional

terms also changes the value of «, but only by less than 2%, which is negligible

when compared to the statistical and other systematic errors.

To properly estimate the statistical error of the fit, including the contribution

from the Monte Carlo spectrum, the a of each bin is assigned as:

, (46)

where a, is the number of data events in a given bin, 6, the number of events

in the same bin generated from Mi(z,cosd) with the Monte Carlo simulation.

Equation 46 gives the correct formula for the limit p=0.75, where there is no
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contribution from the M? distribution. This approximation is accurate enough

for the purpose of the fit, since we expect r^/rii to be very small.

A slight variation on the fitting method is to perform a bootstrap on the fitting

for p. This statistical method consists of repeatedly selecting samples of N points

(allowing for replication) from our N data points (bins) and performing the fit

based on the selected samples. The estimated values of p are accumulated in a

histogram, from which we later extract the central value and uncertainty.

A third way of extracting p is to use the maximum-likelihood method. The

likelihood function is given by

1=1

Here g(x, p) is the reconstructed spectrum obtained by normalizing the properly

weighted sum:

f(x,p) = Mx) + (p - f) ^h{x) . (48)

and x\... xn are the fractional energies of the n data events. In practice, the

energy spectra are stored in histograms, and for computational purposes, it is

easier to calculate the logarithm of the likelihood function

In [£(/>)] = £ «i f 1 + T) 1" b(*i, P)\ , (49)

where Xj and a, are the center and content of the M bins respectively. To account

for the statistical uncertainty of the MC spectrum, we include the factor of (1 +

aj/bj) with aj. With sufficient statistics, the likelihood function is expected to

be a Gaussian, where we extract the centroid as the best estimate for p and the

standard deviation of the function is interpreted as the statistical error.
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5.5.2 Systematic Errors

The systematic error for the p extraction is dominated by uncertainties in tfte

distribution of muons on the target. The beam spot location and size were previ-

ously obtained by fitting the x- and ^-distributions of events on target to a series of

Monte Carlo distributions These fits were used in the comparison of the spectra

in figure 57, but they included all events regardless of energy, introducing a bias

towards p — 0.75, the value used in the simulation for fitting the beam. In order

to remove this bias, the fitting of the beam distribution was repeated with events

whose reconstructed energies lie between 47.5 and 50 MeV. The uncertainty in

the fitted parameters are then used in evaluating the systematic errors associated

with the beam spot.

Another important source of error is the uncertainty in the position and size

of the hole in the target, which clearly also influences the distribution of events

on target. It should be noted that there is some weak correlation between the

position of the hole and the fit for the beam spot. We have chosen to neglect the

correlation coefficient because it would have been a very tedious exercise that will

not be necessary in a future p measurement, where one would clearly not use an

annular target. The calculated systematic error is thus expected to be slightly

exaggerated.

A third major contribution to the systematic errors is the uncertainty of the

muon polarization. Since we had only trigger scintillators on the upstream end,

the observed spectrum becomes sensitive to the actual polarization in the beam.

We have no real measurement of the polarization for our muon beam. Since it is a

surface muon beam, it is initially 100% left-handed. The separator upstream of the

magnet is known to impart a rotation of 8°, which amounts to a 1% depolarization.

Our best estimate for PM is therefore 0.99 with an uncertainty of about 2%. In

principle, the extracted value of p is also sensitive to the detector response function

(i.e. the line shape for mono-energetic positrons). This effect was looked for by

varying the limits of the fit region in small steps. We could see no statistically

significant change in the result of the fits, and therefore did not include it in the

calculation of the systematic error.
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Table 18: Summary of systematic errors for p extraction

Pi

Beam spot parameters:

ax = 15.89 mm
<ry = 13.67 mm
i = +3.81 mm
y = +5.55 mm

Target hole parameters:

xc = 0

R= 11.1 mm

Other parameters:

£PU = 0.99
* = 0.7500

total systematic error:

(mm"1)

0.0018
0.012
0.015
0.044

(mm"1)

0.0072
0.0085
0.011

0.0070
<0.5

(mm)

0.28
0.28
0.19
0.13

(mm)

0.40
0.40
0.40

0.02
0.0038

Ap

0.0005
0.0034
0.0029
0.0057

0.0029
0.0034
0.0044

0.0035
<0.0019

0.0104



CHAPTER 5. 1990 MWPC TEST RESULTS 175

Table 18 summarizes the calculation of the overall systematic error. The

derivatives dp/dP, are estimated from a linear fits of observed p values for four

different settings of each parameter Pi. The errors in the beam spot parameters

are the uncertainties from the fitting, while those for the hole parameters are es-

timates of the accuracy with which the target was constructed. The last item in

the table is the error associated with the experimental uncertainty of 6 as listed

in the PDG handbook (6 = 0.7486 ± 0.0026 ± 0.0028). We did not actually run

simulations with varying 6. The value of dp/dS is conservatively estimated to be

less than 0.5 by the fact that nearly all of the data events in the energy spectrum

are within the range 90° < 8 < 120°, which reduces the sensitivity to 8, which is

greatest at extreme angles. The overall systematic error for p is roughly 0.010.

5.5.3 Extraction of Result

Figure 63 shows the comparison of the experimental energy spectrum and the new

MC spectrum generated using the beam profile fitted from only events between

47.5 and 50 MeV. The procedures described earlier were followed to extract p.

The simple linear fit yielded x2 = 53.5 for 58 degrees of freedom, and gave a

result of

p = 0.758 ± 0.013 (stat.).

When the limits of the fit are extended beyond 52 MeV or below 40 MeV, the

value of x 2 / " ("=no. of degrees of freedom) increased quickly to near 2. The

bootstrap distribution is shown in figure 64A where the centroid and standard

deviation were calculated to give

p = 0.759 ± 0.012 (stat.).

Finally, the likelihood function for p is shown in figure 64B. The discrete steps

seen in the plot are artifacts of limited numerical precision. Fitting the function

to a Gaussian gave us the result

p = 0.757 ± 0.013 (stat.).
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O

Figure 63: Comparison of experimental and simulated Michel spectra. The MC
events are generated from beam spot fitted using only events between 47.5 and 50
MeV.
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These three extractions yielded the same central value, as well as the same sta-

tistical error. We therefore quote the final result of

p = 0.758 ± 0.013 (stat.)

± 0.010 (syst.) .
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Chapter 6

Trial // -> ey Search

While most of the 1990 beam period was devoted to engineering tests for the

positron and photon arm detector elements, a small quantity of data was taken

for a trial fi -+ cy search. This study was limited by several factors. First, the

incomplete detector system was severely degraded in both acceptance and resolu-

tion, resulting in reduced sensitivity and increased background level. Second, the

instability of the dwarf chamber restricted the running rate and therefore reduced

the number of muons stopped during the running period. Last, because of lack of

beam time, the data-taking lasted only a little under a day. These factors limit

the branching ratio sensitivity to about 2 x 10~7, while the poor resolution of the

system enhanced the background level to a few parts in 10*.

These problems aside, this study set a milestone for MEGA. It was the first

time all branches of the detector and data acquisition systems have been operated

as a single unit, performing the tasks for which they were designed. Although

the exercise fell far short of setting a new limit, the 1990 cy search was a major

success for the collaboration, especially as a demonstration of the potential of the

MEGA design.

The remainder of this chapter is a summary of the trial cy search. The first

two sections describe in turn the prototype detector system and the event recon-

struction algorithms. The analysis cuts used to distinguish p —* &y events from

random background are explained in the third section. Normalization is discussed

179
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in the next section, where we also present the result of the analysis. The chapter

concludes with an estimate of the background level expected for the cuts used.

6.1 Apparatus for the Search

The ft —• cy search was conducted with prototype detector elements assembled

for engineering tests. For the positron arm, we used the same ensemble of 90

upstream scintillators, dwarf no. 6, and one half of Snow White from the MWPC

tests. In this instance, the scintillators were used to provide the time of the

candidate positrons rather than for triggering. Nearly all of the problems in the

equipment, such as dead channels and absence of pulse-shaping, were inherited

from the MWPC tests as there was no time for repairs. They were reproduced as

accurately as possible in the new simulation studies conducted to determine the

acceptance and resolution of the positron arm.

A nearly complete prototype of pair-spectrometer layer 1 was used for detec-

tion of photons. As described previously, it contained a scintillator barrel, an

MWPC between two lead layers, and three layers of drift chambers. However, the

prototype differed in construction from the production design in two important

aspects. First, the 1990 model contained no delay line z-readout (prototype delay

lines were tested in a planar chamber during the test run). The only r-information

available was therefore that provided by the scintillators. The time difference be-

tween the ends of scintillators gives very poor resolution for z, as illustrated by

figure 65. The absence of a fine-grain z readout makes it impossible to determine

the longitudinal momentum of the pair, while seriously degrading the position

resolution of the conversion vertex.

Second, the r-ototype was constructed around two Rohacell cylinders rather

than the carbon-fiber composite being used for the production chamber, and had

deformations of up to 0.4 mm in the cathode surfaces (these deformations were

the reason for changing to the carbon fiber design). The large variation in half

gap resulting from the poor quality of the cylinders made the MWPC layer very

unstable; it was subject to frequent sparking and could not be run at full efficiency.
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Figure 65: Plot showing the resolution of ^-readout provided by time difference
in the photon scintillators
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In addition, as high-voltage isolation capacitors were not delivered in time for the

run, both the MWPC and drift chambers were run with negative high-voltage fed

to the cathodes. This arrangement had the unfortunate consequence of capaci-

tively coupling the inner foil of DCl and outer foil of the MWPC, where each

breakdown in the MWPC induced a discharge in DCl, dumping all of the charge

stored in the unsegmented inner foil onto a single sense wire. These occurrences,

which frequently broke a wire, made it impossible to operate the MWPC and the

drift chambers at the same time. The MWPC was therefore turned off for the

fi —» cy search.

A solid vertical target without a hole was used for the study instead of the

slanted target, which was not available. This choice had the effect of seriously de-

grading the A0n resolution, as will be discussed later. The trigger was provided

by the Chicago box in tandem with a prototype second-stage trigger module. The

Chicago box was run in the scintillator-only mode using the alternate PAL set.

The absence of the MWPC also meant that we had no effective low-energy pho-

ton trigger and thus precluded a search for positron and photon coincidences from

internal-bremsstrahlung (radiative muon decay) events. The trigger system was

wired with a veto lasting 200 /is after each event, a feature left over from engi-

neering tests where it was used to prevent the FASTBUS modules from overflows

when running at the high rates generated by various test triggers.

A 7-crate FASTBUS data acquisition system was used for the run, where the

photon arm readout was not multiplexed (except for drift chamber signals fed into

the second stage trigger). Because there was only one photon arm layer, there was

no reason for double-buffering the positron scintillators readout and therefore only

one set of TDCs were used. One major proble. i with the system was the lack of

working ADC modules. Only four prototype modules had been delivered prior to

the test run, and of these only a handful of channels were functional. In addition,

these ADCs did not respond properly to FAST-CLEAR strobes issued by the

second-stage trigger. The ef search was therefore conducted without ADC's. As

a result, the timing provided by both the positron and photon scintillators were

degraded in resolution by pulse-height variations.
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The raw data collected from FASTBUS modules by the CHI master were

shipped to a farm of 6 ACP-1 microprocessors. Because of the very poor z-

resolution of the photon arm, the standard on-line filter described earlier could

not be used. Instead, we ran only very simple filters to concentrate the data

sample written to tape. Three filter cuts were included in the code. First, a

positron scintillator hit was searched for between counters no. 20-70, a range

covering all cy events that pass though dwarf 6. Second, we looked for at least

one hit anode cluster in dwarf 6 accompanied by a pair of inner and outer cathode

hits on the same end of the dwarf. This criterion selects only those events with a

potential triple in dwarf 6, but without requiring an absolutely correct wire map.

For the last cut, we used a photon arm filter algorithm identical to that of the

second stage hardware trigger, but without multiplexing. As expected, nearly all

of the rate reduction was made by the positron arm filters, with the photon code

throwing away only a few percent of the remaining events that passed the second

stage trigger either as the result of accidental coincidences forged by multiplexing,

or because of incorrect decisions made by the module, which had not yet been

fully debugged.

6.2 Data Analysis

As the prototype dwarf chamber was unable to sustain the full design beam inten-

sity, the e7 search was restricted to a maximum instantaneous beam rate of less

than 70 MHz. The data was taken at various duty factors while the accelerator

was undergoing beam development during those last days of the running cycle.

A total of 14 runs was taken, accumulating about 18 hours of beam time. These

runs were distributed over three ranges of beam intensity at approximately 20, 45

and 60 MHz (inst.). The limitations of the detector system also forced us to use

analysis programs different from those previously developed for the experiment.

The remainder of this section will describe the reconstruction codes for the two

arms.
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6.2.1 Photon Arm Reconstruction

For reconstructing the photon showers, we borrowed part of the algorithm that

will eventually be used in the on-line photon arm filter code. The pattern of hit

drift chamber cells is analyzed to locate the <j> position of the conversion vertex (to

±1 cell in DCl), and to calculate the azimuthal width of the shower. The latter

(expressed in units of DCl drift cells) provides a crude measurement of the total

transverse momentum (Pi) for the converted pair. At the time of this analysis,

track fitting codes and drift time calibrations were not available. However, for the

purpose of the cy search, these refinements would not have made any difference,

because the resolution for photon P± is completely dominated by the fluctuation

between the net direction of the pair and that of the photon, which can be as

much as 10°.

For simulated 52.8 MeV photons, the distribution of P± is skewed at small dip

angles. The degree of asymmetry diminished with the increased dip angle as seen

in figure 66, becoming almost symmetric at 40°. The full width (FWHM) of the

distributions in each of the 4 cases shown is about 7 MeV, 5 times worse than the

design energy resolution of 1.4 MeV for a complete photon arm with delay lines.

The dip angle A of a photon is taken as that of the vector pointing from the

calculated decay point of the candidate positron to the conversion point. Since

the actual measured z positions are those of the pair after one half revolution,

appropriate corrections are applied, assuming 52.8 MeV for the total energy of the

pair and a dip angle opposite that of the candidate positron. The poor z-resolution

of photon scintillators also leads to large errors in the calculated dip angle, as

illustrated by figure 67. The full width of the distribution is approximately 18°.

In addition to providing the conversion vertex location and P i , the recon-

struction code also calculates the muon decay time. The times from the two

scintillators under the outer DCl cells of the shower are averaged, with time-of-

flight corrections applied for both the pair and for the photon itself. The overall

efficiency for reconstructing showers generated by 52.8 MeV is about 60%. This

number is included in the normalization of the experiment.
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Figure 66: The reconstructed P± of 52.8 MeV photons for 4 different dip angles.
The nominal values are marked by the dashed lines. The bin size corresponds to
one DCl cell in shower width, where 52.8 MeV spans 23.5 cells.
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Figure 67: Error distribution of the photon dip angle, using z-coordinate of the
conversion vertex provided by photon scintillators. Dashed lines show the bound-
aries of the ±15° cut.
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6.2.2 Positron Arm Analysis

The positron reconstruction algorithm for the e*f search is nearly identical to that

used for the low-rate Michel data. Even though the events were recorded at a

reduced rate, the absence of pulse-shaping in the chamber readout led to wider

MWPC gates, and consequently higher background rates. Even at 20 MHz (inst.),

a significant number of events contain hits in the chambers from more than one

track. It was therefore necessary to modify the code to attempt reconstruction

on all groups of two dwarf and one Snow White anode clusters that contain at

least one triple each. Several cuts were applied to discriminate against random

coincidences; they include: (a) requiring the reconstructed track to pass within

5 mm of the target bag in its x — y trajectory, (b) requiring the track not to

exceed the radius of the tension shell in its path, (c) requiring the track to pass

within one counter of a hit positron scintillator. To determine the time of the

muon decay that produced the reconstructed positron, the time from the closest

hit scintillator is used with corrections applied for (i) time-of-flight from target

to scintillator and for (ii) propagation within the scintillator (from hit position to

the outer end).

Approximately 4000 positron trajectories were successfully reconstructed from

the e7 data. The energy spectrum of the events is shown in figure 68 along with

a Monte Carlo Michel spectrum. Since this data sample is not constrained by the

awkward location of the trigger scintillators, the energy resolution is much better

than that for the low-rate Michel data. The agreement is very good between the

two spectra, except for a more pronounced high-energy tail in the data, as was

seen for the low-rate Michel data. As another check of the simulation, figure 69

shows the fraction of events containing a reconstructed background track plotted

against the instantaneous beam rate. Two linear fits are shown for the data points.

The solid line is forced to pass through the origin, while the dashed line is allowed

an arbitrary t/-intercept. As expected, the observations fit quite well to a linear

model at these rates. Two Monte Carlo point are also shown in the plot; they are

in very good agreement with the data points.

Figure 70 shows the plot of the reconstructed energy for 52.8 MeV positrons
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Figure 69: Plot of number of reconstructed background tracks per 1000 triggers
vs. instantaneous beam rate. The data is taken from /x —• e-y data. Monte Carlo
results are shown with large filled squares
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Figure 70: Distribution of reconstructed energy for simulated 52.8 MeV positrons.
The dashed line is located at 52.8 MeV. The solid line segments denote the cut
boundaries of 51 and 54 MeV.
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generated isotropically in direction by the simulation. Although the central peak

is relatively sharp (FWHM ~ 600 KeV), there are significant tails on both sides

of the distribution. The reconstruction efficiency for candidate positrons was seen

to deteriorate with increased beam rate. The decrease in efficiency is the result

of triples being obscured by pile-up, an effect that becomes progressively worse

at higher beam intensities, and is accentuated by the low redundancy of track

points in the test apparatus. Figure 71 shows the plot of reconstruction efficiency

vs. beam rate for simulated candidate positrons traveling upstream and passing

through dwarf 6. The three points have been fitted to a straight line:

Vrecon = 0.331 - 0.00122l/ (50)

where v is the instantaneous beam rate in MHz. For normalization of the \i —• e-y

search, the reconstruction efficiency will be calculated for each run using equa-

tion 50 as the interpolation formula.

6.3 Experimental Cuts

Different cuts than those listed in chapter 3 had to be used for the analysis of

the 1990 data set. The changes were necessitated by the inferior resolution of

the detector system. In particular, the absence of delay-line ^-readout forced the

elimination of the photon point-back cut and the substitution of the photon energy

cut by a dip-angle dependent cut on P±_ of the photon. The search for a candidate

event therefore consist of the following 4 cuts.

1. positron energy cut,

2. positron-photon direction cut,

3. positron-photon timing cut,

4. photon P± cut.
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Figure 71: Reconstruction efficiency for 52.8 MeV positrons moving upstream and
passing through dwarf 6. The equation shown gives the linear fit for the efficiency
Tf as a function of instantaneous beam rate v in MHz.
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Table 19: Monte Carlo efficiencies for different positron energy cuts

A£mor(MeV)

2.5
2.0
1.5
1.0
0.5

Ei (MeV)

50.0
50.5
51.0
51.5
52.0

E2 (MeV)

55.0
54.5
54.0
53.5
53.0

cut efficiency

0.93±0.02
0.90±0.02
0.86±0.02
0.80±0.02
0.64±0.02

For the first three cases, the limits had to be relaxed from those in the original

design in order to maintain a reasonable level of acceptance. These cuts will now

be discussed in turn.

6.3.1 Positron Energy Cut

The line shape for 52.8 MeV positrons in the test apparatus is already shown in

figure 70. The centroid is shifted by energy loss from 52.8 to about 52.5 MeV. The

distribution has very long tails and therefore wider cuts are needed than permitted

by the usual Gaussian interpretation (FWHM=2.355cr) for its FWHM of 600 keV.

Different limits were tried on the simulated spectrum, with the corresponding

efficiencies listed in table 19. However, in view of the more pronounced tails in

the experimental energy spectrum of figure 6?, it is clear that the values listed in

the table are higher than the actual cut efficiencies. For ±1.5 MeV, we estimate

the decrease from the value in the table to be about 6%, lowering the efficiency

from 86% to about 80%. The range of 51 to 54 MeV therefore represents the

tightest cut that could be made to maintain an efficiency of no less than 80%, and

was chosen as the final positron energy cut.
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Figure 72: Error distribution for the reconstructed dip angle of simulated
52.8 MeV positrons.

6.3.2 Angular Cuts

The cut on the photon-positron angle is made in two steps. First, we compare the

dip angles for the two particles. The resolution for A7 is already shown in figure 67,

having a FWHM of about 18°. In contrast, the dip angle of the positron Xe is

much more accurately determined, its error distribution having a full width of only

2.2°, as seen in figure 72. The contribution by the latter to the overall resolution

for AAe-y is clearly negligible. As the shape of the spectrum in figure 67 is nearly

Gaussian, a cut of ±15° (~ ±2<r) is chosen, giving an efficiency of 0.94.

Next, we compare the <f> directions of the two particles. Because a vertical

target (normal to the beam direction) was used during data taking, the initial

<f> direction of the positron is very poorly determined, and therefore dominates

the resolution for A^e-r The inferior <f>e resolution of the vertical target is known

from earlier Monte Carlo studies. The following paragraphs will give a geometrical

interpretation of this effect.
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Whereas the total momentum and the dip angle of the track remains largely

unchanged (except by scattering), the solenoidal magnetic field causes the az-

imuthal direction of the positron to vary continuously. The initial direction of the

particle in the x — y plane can only be determined from the point of intersection

{xo,yo,zo) between the track and the target. However, because of finite chamber

resolution, the reconstructed tracks are subject to small random displacements.

From the results in figure 49, z is clearly the less accurately determined of the

two coordinates for each hit, so that fluctuations in the reconstructed tracks are

dominated by random shifts in z. A shift in z causes an error in the calculated

point of intersection between the track and the target, and in the corresponding

turning angle u>0 (see equation 26 in section 5.3.1) given in FORTRAN notation

by:

u0 = ATAN2(y0 - yh, x0 - xh) . (51)

The calculated initial direction of the positron is then changed by the same

amount.

On a vertical target, a shift of Az results in a change in the value of wo by the

amount

^ . (52)
Oh

However, the gradual slope dy/dz = 1/5 of a slanted target reduces the change in

y0 caused by a 2-shift from that in a vertical target. In the best case, where the

positron is initially parallel to the y — z plane, the change in u0 is approximately

only 1/5 of the value given by equation 52. An exaggerated example is given in

figure 73. The dotted track in the picture is shifted by 1/12 of its 2-period from

the solid curve. On a vertical target, the point of intersection is displaced by 30°

in u>, whereas on a slanted target, this value could in the best case be reduced to

only 6°. Except for those tracks that are initially parallel to the x — z plane, the

slanted target gives in each case a smaller error in u?0 than a vertical target.

Figure 74 shows a plot of the measured A ^ (photon direction - inverse of

positron direction) for simulated \t —* cy events. The ±1 cell variation in
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(A) vertical target
30 phase shift

(B) slanted target

Figure 73: Illustration of inferior angular resolution for a vertical target, which
produces a much greater angular error for a shift of the reconstructed track in z
than a slanted target does.
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the reconstructed photon vertex is included in this distribution, which has a full

width of about 15°. A cut of ±12° was chosen, which retains 84% of the candidate

events. It should be noted that a small error in the z-position of the target causes

the peak of the distribution in figure 74 to become skewed, but has very little

effect on the width and tails of the distribution. The uncertainty of ±0.3 mm

in the measured position of the target (from the Zbag distribution) is expected to

have no discernible effect on the efficiency for the chosen cut limits.

6.3.3 Timing Cut

Timing calibration between the two arms of the detector is provided by the anal-

ysis of field-on data taken with a ring-counter + photon scintillator trigger, which

selects events where decay positrons from the upstream vacuum window scatters

in the positron scintillator, giving off a photon that converts in the pair spectrom-

eter. The calibration procedure consists of two steps. First, we histogram the
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time difference in each event between a hit scintillator (of either type) and the

ring counter. The centroid is extracted from each spectrum to provide offsets,

which serve to synchronize all of the counters. No time-of-flight or propagation

corrections are needed for positron scintillators in this exercise, since the ring

counter is located under the outer end of the scintillators. Mean times are used

for the photon scintillators to eliminate fluctuations in propagation delay, and the

photon time-of-flight correction is applied using the z position given by the time

difference. These photons are of sufficiently low energy such that only one scintil-

lator is hit in most of the events, and the fluctuations in the additional delay for

the charged particles is negligible, requiring no additional correction.

Next, the relative timing between the resolution should ideally be provided by

a sample of e-y events from inner-bremsstrahlung decays. Unfortunately, we had

collected no data with a low-energy photon trigger, and the cuts from the high-

energy trigger pushes the integrated branching ratio for IB events in our detector

system to below 10~6. We therefore could not identify enough IB events for timing

calibration. We are instead forced to look for coincidences in the data set used

for synchronization.

After applying both offsets and photon time-of-flight correction, and using the

earliest positron scinti'lator hit in each event, we were able to see coincidences

in 1/3 of the calibration events. With the overall shift between the two sets of

counters removed, the time difference distribution is given in figure 75. The plot

shows a distinct 2.4 ns wide peak on top of a flat background from accidentals.

The broadening from the design resolution of 0.8 ns is due to the lack of pulse-

height correction. Using the time difference distributions between (a) positron

scint.-ring counter, (b) photon scint.-ring counter, and (c) positron scint.-photon

scint., we were also able to extract the intrinsic time resolutions for all three set

of scintillators: 1.1 ns, 2.1 ns, and 1.1 ns respectively for the positron, photon,

and ring counters.

Another contribution to the time resolution is the error in the calculated time

of flight and scintillator propagation delay in the positron arm. The precision of

this correction depends on the quality of the track reconstruction. To evaluate
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Figure 75: Distribution of time difference between photon and positron scintilla-
tors, with time of flight correction applied to the photon.
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Figure 76: Error in the calculated decay time of simulated 52.8 MeV positrons.
Fluctuations are due only the errors in the time-of-flight and propagation delay
corrections, assuming perfect intrinsic scintillator time resolution.

the magnitude of the fluctuations, the reconstructed decay times of simulated

52.8 MeV positrons, with both corrections applied, were compared to their Monte

Carlo values (where the scintillator is assumed to have perfect resolution). The

result is shown in figure 76, where we see a very sharp distribution with a full

width of about 140 ps. When compared to the scintillator time resolutions, this

additional effect is negligible. We therefore set the photon-positron time cut at

±2 ns, as indicated by the dotted lines in figure75. The efficiency of this cut is

about 89%.

6.3.4 Photon Momentum Cut

In the absence of delay-line z-readout, the photon momentum cut is limited to

that on the transverse component. Because of the varying shape of the P± re-

sponse function, different assymetric cuts are applied depending on the value of
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Figure 77: Plot showing the limits of the photon P i cut vs. candidate positron dip
angle. The equations shown give the interpolation formulae for the boundaries.
The acceptance region (including dip angle cut) is shaded.

the candidate positron dip angle. Using the spectra of figure 66, 11.5 MeV wide

(5 DCl cells) cuts are chosen for the 4 dip angles shown, each retaining about

90% of the events. These limits are plotted in figure 77. For angles between the

marked values, the limits are calculated from linear interpolation, given by the

following formulae:

= 43.8 - 0.0225|A| ,

P»IGH = 55.5 - 0.0225|A| , (53)

where the limits are given in MeV and the dip angle in degrees.
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6.3.5 Miscellaneous Cuts

Three other cuts were made in the analysis in addition to those already discussed.

The first of these is on the dip angle of the positrons, which we restrict to between

10 and 45°. These limits have already been included in the calculation for the solid

angle for signal events. Second, we also impose a ±3 cm cut about the position of

the target on the value of z\,ag of reconstructed tracks, in order to discard most of

the off-target events, (see figure 55A). In the analysis, we are assuming that the

off-target events come from muon decays in the upstream portion of the target

bag and cannot be included in the analysis since their initial directions cannot be

determined. The Zbag cut throws away 25% of the events, 16% being due to dead

channels and chamber inefficiency. We will include this 25% as an additional loss

in detection efficiency, although we do not really know precisely the fraction of

muons decaying outside of the target.

One last cut is necessary to eliminate fire-ball events, which cannot be ana-

lyzed. Data frames having more than 80 anode hits or more than 48 hits in any

of the 4 sets of cathodes in the dwarf are rejected. The fraction of data discarded

by this criterion varies between 4 to 8% for the various runs. We have included

these values as an additional inefficiency in the final normalization.

6.3.6 Summary

The cuts used for the e-y search and their efficiencies for retaining signal events

are summarized in table 20. The net efficiency of 50.5% is comparable to that

listed in chapter 3. As the 14 runs were analyzed, we found no candidate events

within the acceptance limits. The search therefore yielded a null result.

6.4 Normalization

The only task remaining in determining the branching ratio sensitivity of the

search is the calculation of the number of useful muon stops recorded in the 14

runs. This quantity is given by the following expression, similar to equation 13:
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Table 20: Summary of cuts for the e*y search

Quantity limits efficiency

Ee 51.0 -> 54.0 MeV 0.80

photon Px 43.8-0.0225|A| 0.90
-»55.5-0.0225|A|

±15° 0.94

±12° 0.84

Atry ±2 ns 0.89

0.505
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Nu = v x e xT x Qn x J7pa,r x rje x ̂  x j ^ t

xO.75x(l-/w)x(l-//t>e) . (54)

The additional factors of 0.75 and 1 — //,re account for the off-target and fireball

events that cannot be included in the analysis. The quantity fdead is the rate-

dependent fractional dead time incurred by the veto after each trigger, given by

head = 1 " — T — , (55)
T + lVeto

where T is the observed mean time between triggers, and tvet0 is the veto gate

width (200 fis). As in equation 13, 0<~, and 7/po,r are respectively the solid angle

for signal events and the pair conversion efficiency for 52.8 MeV photons. Their

values however are different from those quoted in chapter 3. With only one photon

arm layer, ?7pa,r is reduced to 0.0455, while the use of only one dwarf chamber and

upstream scintillators shrinks the solid angle to 0.056 (including the dip angle

cut).

It is important to note that this value for the solid angle assumes an isotropic

angular distribution for the candidate cy events. For most reasonable models

involving only scalar and vector interactions (including pseudo-scalar and pseudo-

vector), the angular dependence is limited to structures of the type

/ (cos0)oc l± / l cos0 , | 4 | < 1 , (56)

where 0 is the polar angle measured from the muon spin axis (negative z-axis

for the MEGA detector). For a detector with forward-backward symmetry, the

angular dependent part cancels between the two halves. However, the prototype

detector in 1990 could not detect positrons moving downstream, so that its ac-

ceptance is sensitive to the exact mechanism of the ey decay. As an extreme case,

we looked at the acceptance of 52.8 MeV positrons from simulated Michel decays

of 100% polarized muons (A = +1) in our system, and found it to be enhanced

by 19% over the isotropic case. The value for N,, therefore contains a theoretical

uncertainty of ±19%.



CHAPTER 6. TRIAL n -> e7 SEARCH 205

Table 21: Calculation of number of useful muon stops for run 1386.

factor

V

e
T

'/pair

7e

Vy
Vcut

fdead

ffire

N*

value

44.0 MHz'
4.46%'

6.71 x 103 s*
0.056
0.0455
0.277"

0.60
0.505'"

0.162
0.065

1.658 x 106

definition

inst. muon rate
duty factor
running time
frac. solid angle
pair conv. prob. x trigger eff.
positron recon. eff.
photon recon efficiency
cut efficiency
fractional dead time from 200/xs veto
fraction of fireball events

number of useful muon stops

* run-dependent quantity
*• T)e = 0.331 - 0.00122J/[MHZ]

*" result of calculation in table 20

Another source of uncertainty for NM is in the rate calibration. As in the

high-rate tests, the instantaneous muon stopping frequency is calculated from

scaling rates of the positron scintillators, where there is a 10-15% uncertainty in

the calibration factor. In addition, since the acceptance for off-target events is

not calculable, the factor of 0.75 for the z\>ag cut introduces additional uncertainty

in the rate calibration. These contributions add to give an overall uncertainty of

~ ±25% in the calculated value of N^.

An example of the calculation for NM (for run 1386) is given in table 21. The

summary for all 14 runs is given in table 22. The total number for N^ is 1.02 x 107.

Since no candidate events were found within the analysis cuts, the result from the
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Table 22: Summary of cy data.

run no. run time inst. rate duty factor N^
(103s) (MHz) (%) (106)

1343
1344
1346
1349
1351
1352
1353
1381
1382
1383
1384
1386
1393
1394

3.18
4.82
1.04
5.06
6.63
4.79
1.36
0.07
8.48
0.55
0.75
6.71
15.43
4.86

21.2
21.2
66.0
21.4
20.8
17.2
56.8
62.4
59.7
61.6
63.7
44.0
46.9
45.2

4.49
4.49
4.49
4.38
3.83
1.48
0.49
2.81
3.37
3.35
4.40
4.46
2.87
1.69

0.464
0.700
0.309
0.738
0.824
0.193
0.041
0.012
1.876
0.123
0.221
1.658
2.541
0.459

total 63.7 10.2

search sets an upper limit for the branching ratio:

^ < F = 2 - 3 x 10"7 (90% C. L.) .

6.5 Background Estimates
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Table 23: Calculation of expected number of background events for run 1386.

definition

fraction of positrons per muon within energy cuts
fraction of photons within P± cuts
fractional solid angle of AA^ cut
fractional solid angle of A^n cut
prob. of time coincidence

Back ground level
number of useful muons before analysis cuts

0.0648 number of background events expected

The degraded resolution and wider cuts in the ej search also caused the back-

ground level to become elevated from that quoted in chapter 3. The number of

background events expected from random coincidence is given by the following:

factor

re
r,
h
U
ft

rbkg

value

0.065
1.4 x 10"4

0.185
0.0667
0.176

1.98 x 10"8

3.28 x 106

Nbkg = N;xTbkg , (57)

rbkg = r e x r 7 x / A x / 0 x / t . (58)

The calculation for run 1386 is shown in table 24 as an example, along with the

definitions of the factors in the equation. TV* is the number of muons before

the analysis cuts (= A^M/»/cut). Te, 1% are the branching ratios for positrons (from

normal Michel decays) and photons (from radiative decays) within the momentum

cuts. r e is given by the formula previously seen in chapter 3 for unpolarized muons:

P. = l - 2 a £ + *« , (59)

but renormalized such that x — 1 corresponds to 52.5 MeV to account for the
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energy loss. For a lower cutoff of 51 MeV, the formula gives 0.0567. However, be-

cause the muon beam is nearly 100% polarized, more of the high-energy positrons

are found upstream than down stream, enhancing the fraction of events contained

between 51 and 54 MeV by about 15% for our system. This value is the product

of the 19% enhancement for upstream events (quoted for the uncertainty in the

acceptance for ej positrons) and the 80% efficiency for the positron energy cut.

We therefore use the value for r e of 0.065.

The factors F7 and f\ are harder to quantify, since the cuts on P i change with

A. In addition, coincidences in dip angle are suppressed by the muon polariza-

tion, which cause photons near the 52.8 MeV cutoff to favor upstream like the

Michel positrons. Using a Monte Carlo simulation, which included the polariza-

tion enhancement for the photons, a realistic dip angle distribution for background

positrons within cuts and the geometrical acceptance of the photon arm, we es-

timate I \ and fx to be 1.4 x 10~4 and 0.185 respectively for a ±15° cut. This

calculation also included the lower conversion and trigger efficiencies and normal-

ized them to the values quoted for signal events. The value for /^ is determined

by geometry (the photon arm being rotationally symmetric), and ft is simply the

product of the 4 ns gate with the instantaneous beam rate. Table 24 lists N*,

Tbkg and the calculated number of background events for the different runs.

Summing the last column of the table, a total of 0.38 background events are

expected for the full data set. By opening the cut limits a little wider, background

events should begin to appear in the acceptance window. Table 25 gives an exam-

pie of such a calculation, where the cuts on Ee, A^^Ai , ^ and AA^. have all been

relaxed. The factor of enhancement foi the background is estimated to be 19.7

over that for the old cuts and therefore increases the number of events expected

to 7.5 from 0.38. Note that the factor of 3 from the enlarged dip angle cut is

the result of a Monte Carlo calculation, and not the result of dividing 45° by 15°.

Repeating the search, these new cuts admitted 4 events in the data sample. This

level of agreement is about as good as one can expect from the simplified Monte

Carlo used to estimate the photon background. For the final fi —* e*f search, a

much more precise calculation will be required.
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Table 24: Summary of background calculation.

run no.

1343
1344
1346
1349
1351
1352
1353
1381
1382
1383
1384
1386
1393
1394

N; (io6)

0.919
1.386
0.613
1.461
1.631
0.382
0.082
0.024
3.715
0.243
0.437
3.282
5.032
0.909

Tbkg (10~8

0.95
1.95
2.96
0.96
0.93
0.77
2.55
2.80
2.68
2.77
2.86
1.98
2.10
2.03

) Nbka

0.0087
0.0132
0.0182
0.0141
0.0152
0.0030
0.0021
0.0007
0.0995
0.0067
0.0125
0.0648
0.1058
0.0184

total 20.1 0.383
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Table 25: Loosened cuts for background comparison

Quantity new limits acceptance enhancement

Ec 50.0 -» 55.0 MeV
±45°
±24°
±8ns

0.20
0.55

0.133
i/x4 ns

1.64
3.0
2.0
2.0

19.7



Chapter 7

Discussions and Conclusions

7.1 Progress in Other Areas of MEGA

The development of the positron MWPCs represents only about a third of the

activities of the MEGA collaboration over the past several years. A lot of effort

has also gone into the development of the photon arm, the positron scintillator

arrays, the trigger and data acquisition systems, and software. In the remainder

of this section we will present a brief summary of the progress made in these other

areas.

7.1.1 Photon Arm

A major obstacle in the building of the photon arm pair-spectrometers has been

the construction of the composite cylinders in which the lead converter layers

are embedded. Because they also serve as cathodes for the MWPC, which has

a 3.5 mm half gap, these cylinders must be made without any deformations in

excess of 0.17 mm. This requirement poses a formidable engineering challenge,

since the cylinders are nearly 2 m in length, and up to 160 cm in radius (for the

outermost layer). Two generations of prototype had been built with Rohacell

foam, each failing to achieve the desired tolerance. In the case of the second

prototype, which was used in the 1990 test run, deformations of 0.4 mm made it

211



CHAPTER 7. DISCUSSIONS AND CONCLUSIONS 212

impossible to run the MWPC at full efficiency. Since the 1990 run, efforts have

been concentrated in developing new techniques for manufacturing cylinders using

carbon fiber sheets. The new material has proven to be far superior to Rohacell,

and two sets of cylinders (for photon arm layers 1 and 2) have been built to within

specifications. It is anticipated that both layers will be completed in time for the

first MEGA production run in 1992.

The 1990 run also saw the first test of a pair-spectrometer with full azimuthal

coverage in the drift chamber and scintillators. It was therefore possible to collect

events containing back-to-back photon showers from ir° —* 2-y decays in addition

to single photon showers from radiative muon decays. Both sets of data are

currently being analyzed at Texas A&M University. Preliminary results have

revealed no surprises. These studies are however limited to reconstructing only

the transverse projection of the showers since the spectrometer did not possess

delay-line z-readout. A set of 16 prototype delay-lines were tested independently

in a planar drift chamber in 1990. Some difficulties were encountered in attaining

sufficiently high voltage for the delay-lines to run at full efficiency, a problem that

has been addressed by using thinner wires in the inner most drift chamber cells

(see figure 19. Nevertheless, the test results did confirm the expected 4 mm z

resolution.

One very important study made during the 1990 test run was the measurement

of the frequency of background hits in the photon arm. The purpose of this exer-

cise is to assess the effect of these spurious hits (caused by soft photons created

in the positron arm) on pattern recognition in a multiplexed pair-spectrometer.

If an extra hit were to be found within a high-energy photon shower, the recon-

struction algorithm can become confused, resulting in the loss of the event or

analysis error. The situation is potentially made worse by multiplexing, where

a shower in one quadrant can be contaminated by a background hit in the op-

posite quadrant. For this study, high-rate data was taken with a random-pulser

trigger. The results showed the background rates to be m ch higher than orig-

inally anticipated. Subsequent Monte Carlo studies demonsrrii'.ed that the loss

in reconstruction efficiency and reliability would be unacceptable if we were to
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stay with the original passive design where the multiplexed channels are simply

OR'ed into the same TDC or ADC. Consequently, an upgrade was proposed for

the multiplexing hardware. In the new scheme, only those detector elements in the

proximity of the trigger pattern are to be activated, while readout for the other

channels sharing the same TDC or ADC would be suppressed. The approximate

location of the triggering shower is provided by the first stage trigger. The design

of the new electronics has been completed and components are being produced.

The upgraded system will be available for the 1992 MEGA run.

7.1.2 Positron Scintillators

In comparison to other detector components in MEGA, the positron scintillators

have been relatively trouble-free in construction and deployment, requiring special

effort in only two areas. First, the physical assembly of the counters has proven

to be more challenging than first anticipated. The small size (each about the size

of a pencil) and slanted shape of the counters made it very awkward to pack them

into a cylindrical shell, and to fit them with fiber-optic light-guides. Collaborators

from University of Virginia have devoted much time and energy in developing the

proper technique for the assembly process and have overcome this problem.

Another area of activity has been in the choice of discrimminator modules.

There had been much debate over whether the correction for pulse-height slew-

ing should be made using constant-fraction discriminators (CFDs), or using soft-

ware correction from ADC readout in combination with leading-edge discrimina-

tors. Results from engineering tests have since demonstrated that the latter gives

slightly better timing resolution. During the 1990 run, tests were made for the

first time using Phillips ADCs. The results confirmed the expected resolution of

600 ps (FWHM).

7.1.3 Trigger and Data Acquisition

The FASTBUS-based MEGA data acquisition system has been in use for several

years. Apart from occasional crashes caused by communication errors between
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the CHI master and the host microVAX, the system has demonstrated high levels

of reliability. Specifically, measurements have shown the transmission error rate

to be less than one 32 bit word in 109. The ACP-1 processors, though somewhat

under-utilized, have also given adequate service in the past. However, as more

CPU power was needed, they have been retired in favor of the new DEC 5000/200

workstations. The upgrade has been completed and the new system will be in use

in the next run. Both the Phillips TDCs and latches have performed well under

actual running conditions, except for the few TDCs that have failed over the past

3 years. The only significant problem with the system has been the late arrival and

poor reliability of the ADC modules. As of January 1992, half of the production

ADC modules have been delivered.

First stage trigger (Chicago Box) hardware for the first photon arm layer has

been in service since 1988. It has been tested in both the scintillator-only (with

the 3-counter 4-6 wide PAL set-see section 3.7.1) and normal (2 scintillator +

MWPC) configurations. A thorough test of the normal set up has so far not

been possible because of problems with the MWPC. Nevertheless, the observed

trigger rates have been in good agreement with Monte Carlo predictions for the

3-scintillator mode over a wide range of beam intensities. A prototype of the layer

one second stage trigger module made its first appearance during the 1990 run.

Apart from a few glaring logic errors that were quickly fixed by reprogramming

the EPLDs, the module's performance was nearly perfect. Tests showed that it

did not reject good events, and the few bad events passed by mistake accounted

for no more than a few percent of its total throughput. The remaining problems

have been fixed since the 1990 test run. Production modules for both first and

second stage triggers are now being assembled for the other photon arm layers.

7.1.4 Software

After an initial flurry of activity that produced most of the existing code, soft-

ware development has more recently been slowed by repeated modifications in the

design of detector components. Apart from minor changes and the incorporation
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of a more flexible geometry database, the on-line filter code has seen no signif-

icant alteration since its original development. The REPLAY program too has

not been modified in any substantial way since 1989. The code has however been

ported to UNIX, as many of the collaborating institutions have purchased more

cost-effective RISC-based UNIX workstation. Currently, work is in progress to

upgrade the primary analysis routines in REPLAY to handle multiplexing in the

photon arm. This function had previously been left out of the program because

the prototype pair-spectrometer had always been operated without multiplexing,

and the current scheme had only been worked out since after the 1990 test run.

One aspect of the analysis software has received a lot of attention recently.

The subject of concern is the handling of ghost tracks in the positron arm, which

are false signal tracks formed by accidental coincidences between uncorrelated

chamber hits. Events of this sort have been seen in the off-line analysis results

of Monte Carlo background events. Crude initial estimates have suggested that

the background level from ghosts might exceed that from Michel positrons by

about two orders of magnitude, if no attempt is made to identify and reject them.

Even though a more careful study has lowered the initial value by a factor of 3-4,

the appearance of ghosts would seriously compromise the goal of a background-

free search. Fortunately, it was also observed in the study that the number of

ghosts is an extremely steep function of the beam intensity, such that the ghost

background drops to below the Michel background if the instantaneous beam rate

is reduced by 50% from the design value of 500 MHz. A lot of time and effort

have been invested in the development of techniques for rejecting the ghosts in

hope of recovering the last factor of two in sensitivity. This work is currently still

in progress.

7.2 Comments on the MWPC Test

Arguably the most important part of the 1990 engineering run was the MWPC

test. It was the first time that full-size chambers performed well enough to permit

useful data to be taken. A major objective of the analysis was therefore to compare
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the observed response of the chambers to anticipated characteristics used in the

Monte Carlo modeling in order to demonstrate the feasibility of a high-sensitivity

e~f search with the current chamber design.

Apart from the dark current problem, the behavior of the chambers was in

good agreement with predictions of the simulation. In particular, The observed

hit multiplicity and background cluster rates are comparable to simulated values

at the 20% level. And within the limitations of the test equipment, the observed

chamber resolutions are nearly identical to the Monte Carlo values. These results

clearly show that we have a good understanding of the workings of these chambers.

The one outstanding technical issue remaining was the rate-induced dark cur-

rent mode, which became the focus of attention for the chamber group after the

1990 run. Both quenching additives and increased wire spacings were tried. In

the end, a compromise solution involving both was adopted. The wire spacing

was set at 1.3 mm to lower the operating voltage to 2150 V, while 0.2% water

vapor is added to the chamber gas mixture to improve stability. It is interesting

to note that we empirically arrived at the same optimal water vapor concentration

of 0.2% used by the Mark-Ill collaboration to combat dark current in their drift

chambers [67}. A new chamber has been successfully tested in the tension shell at*

roughly twice the current expected from the beam simulated with a ^Sr source.

Studies have shown that the larger wire spacing has negligible impact on tracking

resolution, but will increase the occupancy fraction of the chamber and possibly

inflate the number of ghosts. It might therefore be necessary to lower the beam

rate. Production of the remaining chambers was started in October of 1991. A

full complement of MWPCs will be ready for the 1992 run.

An unresolved mystery from the run is the origin of the off-target events seen

in the track reconstruction. Close examination of the events in question, together

with the observed decrease in the fraction of these events for a solid vertical target

lead us to believe that they are not the result of bad reconstruction. The scarcity of

events from downstream while the annular target was used rules out the possibility

of the beam stopping in the gas. With only a single dwarf chamber, it was not

possible to determine whether the anomalous events originated from a restricted
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sector in azimuth, which would be evidence for muons stopping in the target bag

resulting from an asymmetry in the beam. This problem remains unexplained to

this time, as we did not run in the summer of 1991. The solution of this mystery

is important for MEGA because the initial direction of the positron is determined

from the intersection of the reconstructed track and the target, and decays from

outside the target are both useless and provide unwanted background. For this

reason, time has been set aside to study this problem at the beginning of the

1992 run. With the full complement of 8 positron chambers, we should be able to

diagnose the problem and take remedial action as required.

7.3 Outlook for the p Measurement

The extraction of the p parameter from the 1990 Michel data set was limited

by several factors. Even though the low rate Michel data is extremely sparse,

containing only a handful of hit channels per event, the data acquisition system

was configured to write out a full 1.4 kbytes for each event. The data rate was

therefore restricted by the I/O bandwidth of the host microVAX and its tape

drive. On-line data compaction was not possible because of the limited power

provided by the 6 ACP nodes (giving about 4 VUPs all together). Added to the

fact that only 6 hours was available for data-taking, the number of events written

to tape was limited to about 600,000. This number was further reduced by the

large fraction of dead channels and off-target events by another factor of 4.

In terms of systematic effects, the analysis was dominated by the gross asym-

metry of the one-dwarf system, the awkward location of the trigger scintillators,

and the unfortunate choice of an annular target. The change in relative acceptance

at different positions in y of the target led to large systematic errors associated

with the uncertainty in the location and size of the muon stopping distribution.

The extraction was therefore limited both systematically and statistically to a pre-

cision 7 times worse than Peoples' result [65]. Both constraints must be overcome

in the new proposed p experiment.

To improve statistics, we have worked out a scheme to compact the data in
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the new DEC 5000/200 workstations (a total of 40 VUPs) by a factor of 10. The

dead channels, which had be to tolerated for an engineering run will be eliminated

for a production run. So a factor of 30 in event rate should be easily achievable.

Speed tests have shown that a factor of 100 improvement in data rate is actually

possible. Over a full day of running, we can then expect a factor of 400 increase in

the number of useful events collected from 1990, suppressing the statistical error

of the search to below 0.00075.

To reduce systematic errors, the dominant contribution from the beam spot

will be eliminated by (a) having a full and symmetric set of positron chambers,

and (b) using a small target of 1 cm in diameter. Sensitivity to the polarization

and uncertainty in 6 will be removed by having both upstream and downstream

scintillators, where the trigger will now be provided by the logical OR of all 180

counters. The limiting systematic effects for a Ap = 0.00075 measurement turn

out to be very different from those seen in 1990. They are summarized in table 26,

as taken from the proposal submitted to the LAMPF Program Advisory Com-

mittee [63]. The total systematic error is expected to be below 0.0003. With the

expected reduction in both statistical and systematic errors, s 4-fold improvement

in precision on the value of p is possible with a few days of running time.

7.4 Outlook for the /x —> e~/ Search

Table 27 shows a comparison of the statistics for the 1990 ef search with the

design values. Clearly, the three major factors contributing to the small value of

Nft are (a) limited running time, (b) lower beam rate, (c) loss of solid angle in

the positron arm. Together they account for a decrease in sensitivity by a factor

of about 3 x 104. By far the largest contribution is the running time, since only

18 hours were available for data collection. The limited solid angle was due to

the use of only one dwarf chamber and only upstream scintillators, so that with a

complete positron arm, we should recover this factor of 10 trivially. The beam rate

was kept to no more than about 10% of the full design value primarily because

the prototype dwarf chamber was unstable at the highest rates. In retrospect,
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Table 26: Systematic errors for a proposed Ap — 0.00075 measurement, taken
from the proposal submitted to the LAMPF Program Advisory Committee

Pi APi/(Ap = 0.001) Ap limit

End-point mismatch
Magnetic field mismatch

Chamber alignment
Up/downstream mismatch
variation in scint. eff. in z
beam stopping distr. in z

1.6 keV
4 x 10~5

60 pm
0.005
0.01

12 /im

0.00012
0.00012
0.00006
0.00020
0.00010
0.00004

0.00029

however, it would not have been possible to run at a higher rate even if it could

be sustained by the dwarf chamber, owing to the fact that we could not run the

standard on-line code in absence of delay-lines, and the reconstruction algorithm

actually used would have been useless at higher rates. The instability problem

has since been solved, and the new pair-spectrometers are being fitted with delay

lines. The detector system should therefore allow us to run at the full designed

beam rate in 1992.

Another order of magnitude in statistics was lost to the the reduced photon

conversion probability (only one photon arm used) and positron reconstruction

efficiency (dead channels). These problems are easily corrected by deploying a full

set of 4 pair-spectrometers, and by better quality control on the pre-amp cables.

For the production run, we also expect the accelerator to be run at an improved

duty factor. We therefore should eventually reach the designed sensitivity of

3 x 10"13 if the calculated background level is correct.

The e-y search in 1990 was nearly background-limited, even though the sensi-

tivity reached was only 2.3 x 10~7. Table 28 compares the cuts used in the 1990
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Table 27: Comparison of 1990 ey search statistics with design

Parameter 1990 ave. design factor

v (MHz)
T(s)
e(%)
ftey
Vpair

Ve

Vf
Vcut
misc.

36
5.32 x 104

3.50
0.056
0.0455
0.278
0.60
0.505
0.705

500
1.2 x 107

6.0
0.53
0.173
0.95
0.60
0.40
1.00

13.9
226
1.71
9.46
3.85
3.42
1.00
0.79
1.42

Nu 1.02 xlO7 7.5 xlO12 7.4x10*

Table 28: Comparison of 1990 ey analysis cuts and background levels with design

cut 1990 design factor

AEe/Ee
&Ey/Ey

ftv

0.029
~0.11
2.0ns
~ 13°

0.005
0.021
0.7ns
1°
10°

6.5
56
0.206'
170
3.33

I.B.V. — 0.6 1.67

Background 1.6 x 10"8 2.3 x 10"13 6.9 x 104

" 1990 data was taken at effective rate of 36 MHz (inst.);
the design rate is 500 MHz.
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and the calculated background to the design values. Here the two major contribu-

tions to the enhanced levels are the degraded photon energy and photon-positron

angle resolutions. They are due mainly to the absence of the delay-line z read-

out in the pair-spectrometer, and to the use of the vertical target. Both these

problems will be corrected for the production run. With expected improvements

in the positron energy resolution and timing resolution from the arrival of a full

set chambers and ADC modules, the rate of random coincidence between Michel

positrons and IB photons should be suppressed to the design levels.

The one major concern remaining is that of the ghost tracks. However, even

with the increased wire spacing, we should be able to overcome this problem by

turning down the beam rate to 200 MHz, should the efforts in refining the off-

analysis code fail to alleviate the situation. In the worst case, a sensitivity level of

about 8 x 10~13 should be achievable even without additional beam time to offset

the loss in rate, improving the existing limit by a factor of 60.

7.5 Future Plans

At the time of writing of this report (Jan. 1992) , the MEGA collaboration is

preparing for its first production run scheduled for the summer of 1992. The

assembly of first two layers of photon arm pair-spectrometers is well under way,

and construction is 80% complete on the positron arm MWPCs. A total of 8

weeks of running has been scheduled for 1992. The two primary objectives for

the run are (a) a p —* ey search with a branching ratio sensitivity of 5 x 10~12,

and (b) a measurement of the Michel p parameter to ±0.00075. The taking of

low rate Michel data with a full complement of chamber is a natural part of the

preparation for the ef search, so that apart from differences in the target, on-line

software and format of data-recording, no change is needed in the detector system

for switching between the two experiments.

A second production run is planned for the 1993 beam cycle. The remaining

photon arm pair spectrometers will be installed, and all of the beam time available

will be reserved exclusively for taking e~f data. Depending on progress, another
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run may be required in 1994 to reach the design sensitivity of 3 x 10~13.

After the completion of the /t -* ef search, other projects will be run using

the MEGA detector system. The experiments under consideration include: (9) an

improved measurement of p to 0.0003, (b) a measurement of the muon lifetime, (c)

a measurement of the 77 parameter for inner-bremsstrahlung decays to a precision

of 0.01, (d) a search for the pseudo-scalar familon in the \i —» e'yf decay, and

(d) search for the ic° —» e+c~ decay. Preliminary studies have shown each of

these 4 experiments to be viable with the MEGA detector. We have also looked

at the possibility of a /z —» eyy search. It is however not clear whether we can be

competitive because of the limited Dalitz phase space allowed by the ~30 MeV

low Ee and Ef cutoffs.

7.6 fi —• e*y Search Beyond MEGA

Whether or not a fi —* cy decay is in found by MEGA, there will be a need for an

even more sensitive experiment either for refinement of the measured branching

ratio or for further improvement of the upper limit. One obvious approach is to

move the MEGA detector to a continuous beam facility with comparable instan-

taneous rate, where the increase in duty factor will improve the data rate by more

than an order of magnitude. However, since the expected background level for

detector is similar to the design sensitivity of 3 x 10"13, background events will

begin to appear as soon as the MEGA limit is surpassed. We therefore expect

the improvement in sensitivity to be somewhat less than a factor of ten over the

same 1.2 x 107 s running period.

In order to accommodate the different beam structure, an entirely new data

acquisition system will have to be designed and built. Instead of reading out

buffered events in the modules in between beam spills, the new system will have

to allow transfer of data by the back end of each TDC or ADC concurrent with

digitization of signals from the next event in the front end of the modules. This

sort of architecture is already being used with large collider detectors, but will

inflate the cost of a transplanted MEGA experiment. From another point of view,
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while the instantaneous flux seen by the chamber will not be altered, so that space

charge inefficiencies should not be affected, the positron MWPCs may not be able

to sustain the ten-fold increase in the average flux. Since we believe the dark

current problem to be associated with charge build up on the insulating garland

posts, the higher average flux may well cause breakdowns in the chambers even

with the 1.3 mm wire spacing and water vapor in the gas. A possible solution

would be to use even wider spacings (2 mm?); this option would however require

the chambers to be rebuilt, making the experiment even more expensive. A im-

provement of the e7 sensitivity to 3 x 10~14 will probably cost much more than

just for moving the MEGA detector.

To push the branching ratio sensitivity to under 10"14, it will be necessary

to reduce the background to below that expected with the MEGA detector by

at least a factor of 10. It is probably safe to claim that the MEGA design has

already pushed the existing detector technology to its limit, so that improved

performance will require some innovation in calorimetry or the invention of an

entirely new type of detector system. In particular, there is currently no other

method that can provide both position and energy resolutions for 50 MeV photons

comparable to that achieved with pair spectrometers. Therefore an ef search with

sensitivity below 10~14 is highly improbable in the foreseeable future.
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