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Abstract

MACRO is designed to make a multiply redundant search for GUT magnetic monopoles over a wide velocity range The

100 MHz pulse height recorder and synchronous encoder (PHRASE) and the energy reconstruction processor (ERP) are two
components of that search, both based on the MACRO liquid scintillator. They are sensitive to monopoles with or without

captured nuclei in the range 8 ~
methods and background evaluations.

1073 to B ~ 1. Here, the performance of these systems is discussed, including also analysis

1. Introduction

The possibility of isolated magnetic charges

(maonoatic mananalee) wae discucced by Dirae [1] ac
unagneiic monopoies; was GiISCUSSEa Oy vrac (1 as

early as 1931. 't Hooft, Polyakov and Preskill [2,3]
showed that within the framework of grand unified
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theories (GUT’s), magnetic monopoles emerge natu-
rally from the symmetry breaking of the grand uni-
fied group into the strong and electroweak groups. It

1c nonccihla that thic acenrrad in the early gtaoec of
15 PUSSIVIC didl ulio ULLWIITU Il WIC Caliy stagos Ut

the big bang [4], producing a residue of primordial
monopoles for which the GUT formalism predicts a
mass on the order of 10'¢ to 107 GeV /c?.

Typical monopole velocities relative to the earth
depend upon whether they are gravitationally bound
to the solar system (B 10™%) or the galaxy (8 ~
107%) [5] It may also be possible to accelerate
magnetic monopoles to much higher velocities if
supernova remnants, etc. are considered [6). In any
case, we assume an isotropic flux because the GUT
monopole mass is so large that the stopping power of
the earth can be neglected [7-9]. This is true whether
the monopoles are bare or whether they have cap-
tured nuclei and the techniques described here are
sensitive to both possibilities.

Redundancy and complementarity among separate
detector systems are a central feature of the MACRO
experiment. Because of the great importance which
may be associated with any positive magnetic
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monopole claim, MACRO includes several indepen-
dent particle detection systems which provide multi-
ple profiles of candidate events. Of these, the 100
MHz pulse height recorder and synchronous encoder
(PHRASE) and energy reconstruction processor

(ERP) are scintillator-based technignes useful in the

(ERP) are scintillator-based techniques useful in th
velocity range B~ 1073 to B8~ 1. These systems,
complement the capability of MACRO to search for
magnetic monopoles in a wide 8 range (8> 1074).
In this paper we describe in detail the two scintilla-
tor-based systems suited for fast monopoles, includ-
ing the discussion of the analysis methods. A prelim-
inary work, mainly aimed to the evaluation of back-
ground, is also presented. The results of a search for
slow monopoles using scintillators has been pre-
sented previously [13]. The discussion of the perfor-
mance of the track-etch and streamer tube systems of
MACRO in monopole detection has been published
in [14,15].

2. The MACRO detector

L RAADY ONA e YUNPRPI Pt PO By o PN
111C IVIAURU LV lUllUpUlC, ﬂbuUpllyblLb allu UUd-

mic Ray Observatory) collaboration operates a large
area underground detector [10,11] optimized t- search
for GUT magnetic monopoles from B~ 107* to
B < 1. The design goal is for five years’ exposure
with sensitivity an order of magnitude below the
Parker Bound, 107'* cm™2 s™! sr™!, an upper limit
on the monopole flux based upon the persistence of
the interstellar magnetic field [12].

XA ASD i PPy e d L-11T D L L

lllC lVlf\\/l\U uciciior lb lULd.LCU Hl {idii D Of uic

Laboratori Nazionali del Gran Sasso, in the Abruzzo
region of central Italy, with 3150 m water equivalent
minimum overburden. The detector is composed of
six adjacent supermodules, each of which is 12.6 X
12 m? with height 9.6 m. Including the enclosed
steel support structure, the full detector measures
76.5 X 12 m? and 9.6 m high, with a total accep-
tance for isotropic flux of approximately 1.1 X 10*
m* st (Fig. 1). Each supermodule contains three
distinct particle identification systems: liquid scintil-
lation counters, 73% He-27% n-pentane gas-filled
limited streamer tubes and Lexan/CR39 track etch
detectors (Fig. 2). Here we focus on the ERP and
PHRASE (scintillator) components of the long-term

search for GUT magnetic monopoles and mention

the other systems only briefly. More detailed descrip-
tions are available in [10,11].

2.1. The liquid scinriliation counters

The MACRO lia qu id

particle position, energy deposition and time-of-flight
resolution of =11 cm, =1 MeV and = 700
respectively (for muons).

Each supermodule contains 49 horizontal and 28
vertical counters. The horizontal counters are grouped
in three planes (bottom, central and top with 16, 16
and 17 counters respectively) and the verticals in two
(east and west: 14 counters each). The bottom and
center pianes, aiong with the lower seven counters of
the east and west planes, comprise the lower section
of the supermodule; the top plane and upper seven
counters of the east and west planes make up the
upper parts of the ‘attico’. Two additional vertical
planes cover the lower sections (only) of the extreme
north and south ends of the detector. This leaves the
attico, which houses the readout electronics, open on
the north and south faces (Figs. 1 and 2). In all there

are ‘I‘IO bLl[llHldllOIl COuIers \L74 ﬂUﬂLUIlldl and

182 vertical) with a total active mass of approxi-
mately 600 tons.

Honzontal scintillation counters measure 11.9 X
0.75 m? and 0.25 m in height and hold two photo-
multipliers at each end. Vertical counters measure
120X 0.25 m? and 0.50 m in height, with one
photomultiplier per end. All are filled with a scintil-
lating mixture of 96.4% mineral oil and 3.6% pseu-

Fig. 1. The complete MACRO detector in perspective view. It is
76.5 m long, 12 m wide and 9.6 m high.
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documene, with an additional 1.44 g/liter PPO and
1.4 mg/liter bis-MSB which act as wavelength
shifters. The scintillator occupies a central sensitive
I'CglOI'l apprommately 11 m lOIlg, while the endcham-
bers containing the photomultipliers, focusing mir-
rors and associated electronics are filled with pure
(nonscintillating) mineral oil. The nominal scintilla-
tor depths are 19 cm and 46 cm for the horizontal
and vertical counters, respectively. Photomultiplier
gain is maintained at approximately 5 X 10%, for
which a single photoelectron produces a most likely
signal of =4 mV at the signal cable output.

2.2. The limited streamer tube and track etch detec-
tors

Each supermodule also includes track etch and
limited streamer tube detectors. The lower section
includes ten horizontal streamer tube planes, alternat-
ing with the bottom and center scintillator counters

and seven layers of passive rock absorber (420 g /cm?
total rock thickness). The attico contains four addi-
tional streamer tube planes, two each on the top and
bottom faces of the top scintiliaior plane. Veriical
streamer tubes are arranged in twelve planes, four
groups of three, which sandwich the east and west
vertical scintillator planes. A similar arrangement
covers the north and south (lower) scintillation coun-
ters. The limited streamer tubes provide particle
tracking with resolution of = 0.2° in angle and =
cm in position.

The track etch detector is deployed in three sepa-
rate sections: a horizontal plane near the middle of
the lower section of the apparatus (just above the
fifth streamer tube plane, see Fig. 2), a vertical plane
covering the east face and a (smaller) vertical plane
covering lower north face. The track etch system can
be operated as a stand-alone detector or be ‘trig-
gered’ by candidates in the streamer tube and/or
scintillator systems. The CR39 component of the
track etch has charge resolution of = 0.2 e.

~L Horizontal Streamer Tube Plane

] Horizontal Sc\nﬂllator Tank E Ms

rushed Rock Absorbel

Track-Etch
. Modutes

T, Vertical
i Streamer
y Planes

Fig. 2. A single MACRO supermodule in cross sectional view. It is 12.6 m long, 12 m wide and 9.6 m high.
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3. Scintillator data acquisition

Scintillation light is collected using 20 cm hemi-
spherical photomultipliers, EMI D642 and Hama-
matsu R108, which employ a thirteen-stage fast
venetian blind dynode structure. Signal risetimes are
= 10 ns with less than 1 ns jitter. Photomultiplier
signals are transmitted via coaxial cable to one-to-one
linear fanouts, which provide copies for the pulse
height recorder and synchronous encoder (PHRASE),
the energy reconstruction processor {ERP), the fast
and slow monopole triggers (FMT and SMT, not
discussed here), and the main waveform digitizer
(WFD).

Two independent data acquisition (DAQ) systems
are employed. The main DAQ is designed for
monopole and rare particle searches and muon track-
ing, includes the streamer tubes, ERP, FMT, SMT
and the main WFD. Three separate cpu’s perform
trigger and readout operations, each responsible for
two of the six MACRO supermodules. The second
DAQ, specifically designed for gravitational collapse
neutrino detection, operates the PHRASE using an
independent version of the same three- cpu readout
configuration.

3.1. The energy reconstruction processor

The energy reconstruction processor (ERP) is a
single-counter energy threshold trigger. It is the pri-
mary scintillator muon system, but includes a lower
energy gravitational collapse {GC) neutrino trigger
as well. ERP inter-counter timing is performed for
times of flight of up to 400 ns; for longer times of
flight the main WFD is used (Section 3.2). The ERP
is sensitive to particles of any velocity that are
capable of depositing the minimum trigger energy
(=8 MeV). The raw triggering efficiency for ex-
pected 8> 10~! monopole signatures (the range of
the ERP study) is essentially 100%.

An ERP trigger decision is requested when both
ends of a single scintillation counter cross the front-
end minimum bias threshold inside a 270 ns coinci-
dence window. This threshold is adjusted on a
counter-by-counter basis and ranges approximately
from 50-150 mV. The actual trigger decision is
made by comparing six-bit flash ADC evaluations of
the two signal amplitudes to the energy values stored

in a look-up table (LUT). If the result is above that
counter’s energy threshold, an ERP muon trigger is
formed.

In addition to the trigger flash ADC, the ERP also
employs a second-stage twelve-bit ADC which makes
a more accurate photomultiplier pulse integration.
This is applied to both the raw signal and a 10 X
attenuated version, the latter being used for fast
monopole analyses in which the nonattenuated ADC
saturates. The ERP provides time of flight from TDC
readout, calibrated weekly with delayed LED signals
and variable-intensity laser pulses. Time walk ef-
fects, which cause pulses of different heights to
reach TDC threshold at different relative times, are
included.

3.2. The main waveform digitizer

In the ERP monopole analysis described here,
MACRO employed LeCroy 2261 commercial wave-
form digitizers (WFD’s). These were operated in 40
MHz (25 ns) common stop sampling mode with a 2
V dynamic range and an 8 us recording window,
providing time of flight for 8~ 1072 to g~ 107",
Up to eightfold multiplexing was employed. In sum-
mer 1993 this system was replaced by a custom-de-
signed 200 MHz, 64 kB zero-suppressed WFD with
10 V range which will be used in future analyses.

3.3. The PHRASE

The pulse height recorder and synchronous en-
coder (PHRASE) is a trigger and energy reconstruc-
tion system [10,11,16] designed to detect gravita-
tional collapse neutrinos. It is therefore optimized for
the study of low energy (~ 10 MeV or less) events.
Its use can be extended, however, to the detection of
other particles including magnetic monopoles. The
energy-dependent trigger threshold is sensitive to the
signals predicted for GUT monopoles in the range
B8~ 1073 and above.

The PHRASE receives photomultiplier signals
from both ends of the scintillation counter and pro-
vides a trigger when the energy deposition is larger
than 7 MeV. The trigger signal is generated = 40 ns
after the average arrival time of the two pulses,
which are recorded to =1 ns resolution. The
PHRASE threshold is temporarily lowered to a sec-
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ondary level of =1 MeV for 800 ws after each
primary event.

The PHRASE WFD records photomultiplier sig-
nals from both ends of the triggering scintillation
counter. Six-bit 100 MHz flash ADC’s are used,
with eight effective bits obtained by hyperbolic com-
pression. Photomultiplier signals are recorded in an
~ 160 ns window centered on trigger formation,
with the presence of a photomultiplier signal in
either end of the counter beyond this time forcing
additional readout in 160 ns intervals up to a maxi-
mum of 2.4 us.

Because of the 7 MeV hardware energy threshold
(which was optimized for collecting gravitational
collapse events), a software cut of 10 MeV is applied
in the monopole analysis. This is roughly one-third
the energy loss expected for a typical cosmic ray
muon. Signals at this level correspond to approxi-
mately 200 photoelectrons for a particle at the center
of the counter; the nominal electronic trigger effi-
ciency for such a signal is essentially 100% [16]. The
PHRASE digitizer operates in free-running (zero dead
time) mode using a 100 MHz base frequency, with
approximately 99% efficient digitization. Compari-
son with independent PHRASE channels shows that
this efficiency is independent of the relative arrival
time of the signals and remains constant in a wide
range of pulse heights.

4. Energy reconstruction issues

Bare GUT-type monopoles are assumed through-
out the analyses described here, with energy losses
and light emission given by Ahlen et al. [7-9].
MACRO sensitivity is, however, expected to include
monopoles which have captured nuclei. Radiation
quenching is taken into account via Birks’ scintilla-
tor saturation formula [17] and the parameters mea-
sured for the MACRO scintillator. In addition, a
recent measurement of the scintillation light emitted
by protons may suggest a higher energy loss rate for
monopoles in the region 8 < 1073 [18].

The visible energy loss functions dL/dX (in
MeV /cm) and AL/A¢ (in MeV /10 ns) are plotted
as a function of B in Fig. 3a and b. These plots
show that the maximum expected monopole light
output can be orders of magnitude above that pro-
duced by minimum ionizing particles, requiring en-
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Fig. 3. Predicted monopole light yield in MACRO scintillator: (a)
dL/d X versus B, (b) AL /At versus B. The light yield is given
as the calculated part of energy loss resulting in scintillation
photon emission. The light output generated by a minimum ioniz-
ing cosmic ray muon and the PHRASE WFD threshold are also
shown. The kink around 8= 107" corresponds to the onset of
8-ray production.

ergy loss measurements in the range 8> 1073 to be
accurate over a large dynamic range.

4.1. Scintiliator and photomultiplier saturation

The scintillation light yield as a function of en-
ergy loss rate is given by Birks [17]
dL S(dE/dX) 1
dX 1+B(dE/dX)’ (1
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I

Amplitude (V)

50 ' 250
Time (ns)

Fig. 4. Photomultiplier waveforms recorded at various laser light
intensities. The first optical reflection is clearly visible. At higher
intensities the second and third reflections become apparent, as do
the effects of pulse saturation. A vertical muon corresponds to the
pulse peaking at about 1 V.

Here dE/d X is the energy loss rate and dL/d X,
S and B are the scintillation light yield, efficiency
and saturation constant, respectively. The predicted
yield for monopoles in MACRO scintillator can be
calculated using the measured value of the saturation
constant, B =11.6 + 0.06 mg cm~2 MeV~!. Even
including this effect, however, the visible energy loss
for B~ 107° monopoles remains more than one
order of magnitude greater than that produced by
minimum ionizing cosmic ray muons. This presents
the possibility of photomultiplier saturation. The
waveform deformation due to this effect is clearly
visible in Fig. 4, which shows waveforms for a range
of laser light intensities. Signal saturation effects
become important at 2—-3 X typical muon levels and

are considered in both the ERP and PHRASE analy-
ses (Sections 4.3 and 4.4).

4.2. The scintillator response function

Photomultiplier signals must be corrected to ac-
count for geometrical acceptance and light attenua-
tion inside the scintillator. The net contribution of
these two effects is determined by examining muon
pulse heights. The most probable energy loss, ob-
tained via a phenomenological fit to the pulse height
distribution, taking into account the expected Landau
shape folded with photoelectron statistics, is used to
fix the absolute light deposition as a function of
longitudinal position x. The result is the empirical
scintillator response function (Fig. 5)

a
R(x)= ;;_— +ae™/ B +aem /o, (2)

The parameters a, quantify terms which can be
interpreted as the inverse-square geometrical accep-
tance, attenuation within the scintillator and light
losses at reflections from walls.

4.3. PHRASE energy reconstruction

The amount of energy deposited within the scintil-
lator can be calculated by integrating the PHRASE

600

500

>
o
o

ERP Attenuated uADC (Corrected)

a * 2(;0 — 4&0 6(;0 ] 8(1)0 * |()I(>0l l‘I2(JO
Position of Track Crossing (cm)

Fig. 5. The scintillator response function as measured by the ERP

attenuated ADC. The signal is equivalent to that of a single

cosmic ray muon passing vertically through a horizontal scintilla-

tion counter at the various longitudinal positions shown.
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Fig. 6. The integrated PHRASE WFD signal as a function of
calibration laser intensity (in arbitrary units). In (a) the functional
fit is given; in (b) several normalized signals from different
scintillation counters are compared.

waveform. Because the circuit was designed for low
energy gravitational collapse physics, however, the
saturation level is only 252 mV, which is typically
obtained for = 15 MeV deposited at the center of
the counter. This causes the PHRASE flash ADC to
saturate on most muon crossings (= 30 MeV). En-
ergy measurements at this level and above can still
be made offline, however, because the base of the
pulse becomes wider with increasing energy. The
waveform integral thus increases monotonically (al-
though nonlinearly) as a function of energy loss.
Fig. 6a shows the PHRASE response to MACRO
nitrogen laser calibration pulses. In Fig. 6b signals

from many different counters are compared (afier
normalization to account for differences in the fiber
optic transmission lines and individual photomulti-
plier gains). The nonlinearity in the relationship be-
tween integrated pulse height and light intensity L
(given here in arbitrary units) is due to the onset of
flash ADC saturation; beyond this region, increases
in energy deposition affect primarily the width rather
than the height of the WFD signal.

Laser light, cosmic ray muons and natural gamma
rays are all involved in the scintillator energy cali-
brations, but not all excite the same relative quanti-
ties of fast and slow scintillation light. This is shown
in Fig. 7, which compares normalized laser and
muon photomultiplier pulses. In addition to the main
pulses, the first optical reflection is also visible (the
time delay between the main pulse and the reflection
is different for the two pulses because the light was
emitted at different positions in the counter). Note
that the muon pulse has a longer tail than the laser-
induced puise, an indication that ionizing radiation
produces more of the slow scintillation component
than the laser [17,19,20]. A dual exponential fit can

Cosmic ray

—
=

Amplitude (V)

—_
=)
S

10_3 . | ., N T .
- 100 150

Time (ns)

Fig. 7. Photomultiplier pulse shapes for laser and cosmic ray
muon pulses (normalized). The muon pulse has a longer tail than
the laser pulse, indicating additional excitation of the slow scintil-
lation component. The first few optical reflections are also seen.
The separation between the main and first reflected pulse is
different for the two signals, which originated at different longitu-
dinal positions.
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be made to the muon pulse, giving time constants of
Trage = 20 ns and 1, = 60-70 ns. Although expo-
nential decay is a rough approximation for the com-
plex time dependence of the slow component and the
fit parameters are subject to significant systematic
errors, the agreement is good.

The observed differences in pulse shape must be
taken into account when comparing events generated
by laser light and ionizing radiation. Since natural
background radiation populates an energy loss region
below that of interest to this analysis, however, the
PHRASE response to very large pulses can only be
indirectly measured with the laser calibration system.
We have therefore adopted the following procedure

1 Tat + + +3 t.
in order to extrapoiate event reconstruction to h xusucx

energies:

1. Photomultiplier signals from both cosmic ray
muon and laser pulses are collected using a Tek-
tronix TDS620 digital oscilloscope (2 GHz sam-
pling rate) located at the input to the PHRASE
WFD;

2. these photomultiplier pulses are Fourier trans-
formed and filtered according to the hardware
digitizer transfer function and the waveform at the
PHRASE flash ADC is reconstructed from this
signal by Fourier antitransform;

3. the two classes of pulse (muon and laser) are
independently fit with Gaussian rise times and
dual exponential tails, including optical reflec-
tions;

4. best-fit pulses are used to simulate flash ADC
response to muon- and laser-induced events of all
sizes; and, finally,

5. two different calibration functions relating pulse
amplitude to integrated waveform are obtained,
corresponding to muon and laser signals, respec-
tively.

The laser calibration function was compared to
direct PHRASE measures of laser events and found
to closely reproduce the data as shown by the exam-
ple of Fig. 6a. It is impossible to make the same
comparison for the muon calibration function above
the minimum ionizing particle regime, but, having
accounted for the difference between laser and muon
pulses, the muon calibration is assumed to correctly
simulate PHRASE response up to extremely high
energy losses.

Because the partition of scintillation light into fast

and slow components could vary with ionization
density, monopole light pulses might exhibit timing
characteristics different from those of minimum ion-
izing particles. The PHRASE calibration might
therefore lead to an overestimate of the real monopole
energy loss. This possibility is accepted as part of a
conservative approach to energy-based monopole
studies.

The complete PHRASE energy reconstruction is
as follows: integrated digital versions of the photo-
multiplier signals produced at each end of the trig-
gering counter are independently corrected using the
muon calibration and the scintillator response func-
tion (Eq (2)), then normalized to account for differ-
ences in individual photomultiplier amplifications.
This produces two independent measurements of
event energy (one from each end of the tank), from
which a weighted average is obtained.

Although the original PHRASE energy determina-
tion is made in arbitrary units, it is straightforward to
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Fig. 8. The PHRASE response to ionizing radiation: (a) gives the
functional relationship between integrated PHRASE WFD signal
and energy deposition, (b) gives the resolution.
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obtain the absolute energy scale from the T12.614
MeV gamma line and the known cosmic ray muon
energy loss (=30 MeV for a vertical crossing

through a horizonial counter). An internal check on
this reconstruction can be performed by calculating

muon eneroies on the basis of the

j88111051 2824 M 41 pauiin

alone; the difference between this calculation and the
assumed muon energy deposition shows agreement
within the nominal PHRASE energy resolution of
approximately 10% at 30 MeV. Fig. 8a shows the
functional relationship between integrated PHRASE
WFD and energy deposition for events at the center
of the counter; Fig. 8b shows the resoiution.

P ADC’s using the same
nitrogen laser system employed by the PHRASE.
The linear and higher energy nonlinear response

High energy ERP calib_ra_tions re performed on

regions are clearly seen in Fig. 9. Because the ERP
attenuated ADC remains linear throughout the region
considered here, the observed nonlinearity is due
mainly to photomultiplier saturation. The straight
region is fit according to

A=gL+P, (3)

where A, g and P are the ERP attenuated ADC
value, linear gain and pedestal, respectively; L is the
relative laser light output. In order to accommodate
the nonlinearity at higher light levels, L is fit accord-
ing a fourth-order quadratic

L=b0+b1A+b2A2+b3A3+b4A“, (4

andd

tha L %c cwea A -~ £3 A
A 1S

ere the b,’s are empirical fit constants and

e pedestal- adJusted signal amplitude. Eq. (4) ac-
cou,_t for both photomultiplier and scintillator sat-
ration so that the resultant light output L can be used
in the linear response function (Eq. (3)). After adjust-

ing for the position of the event via the scintillator
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Fig. 9. The ERP attenuated ADC response to laser light with linear and fourth-order fits. The single and ten-times minimum ionizing particle
levels are shown (for vertical tracks in a horizontal scintillation counter).
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response function (Eq. (2)), the nominal energy-
equivalent light output is determined according to
Eq. (4). Because the ERP analysis does not account
I()r the UllleCIlLC Uetweeﬂ 1dscr- dIlU IllUUll-lIlUULCU
pulse shapes, it might overestimate the energy loss of
a real monopole (Section 4.3) Although this issue is
to be examined in more detail in future ERP studies,
it is accepted as a more conservative contribution to
the present analysis. Absolute energy cahbratlon for
the ERP, which is not sensitive to the ** Tl gamma,
is performed on the basis of muon data alone. The
ADC value corresponding to the most probable sin-
gle minimum ionizing particle is obtained from the
peak of the Landau distribution. In the region typical

Af Aancmis ravy vante { =~ 20 MaV) tha not
O1 COSmiIC ray imMusdi EVENis (= 5Uu MEV ), uiC 1ici

uncertainty in energy reconstruction is approximately
4%. At increasing energies this uncertainty becomes
dominated by the saturation correction and ap-
proaches 10% at 2 GeV, the energy corresponding to
the highest intensity laser light calibrations. Energy
reconstructions are extrapolated to higher energies
with about 20% uncertainty, but eventually the algo-
rithm breaks down because the ERP ADC signal
reaches a maximum when the length of the saturated
photomultiplier pulse exceeds the integration gate
width. While the energy corresponding to this maxi-

mum varies from counter to counter, we apply the
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Fig. 10. The ERP attenvated ADC response to ionizing radiation,

with the functional form in (a) and the relative energy resolution
in (b).

most conservative (worst single counter case) upper
limit of 8 GeV. Fig. 10a shows the reconstructed
energy as a function of attenuated ADC, while Fig.

lUU glves ll'lC l'CldllVC UﬂLCfldlIl[y
4.5. Scintillator light reflections

The properties of the MACRO scintillation coun-
ters allow an aiternative and original approach to
achieving a large dynamic range: the optical reflec-
tinn methad The MAOCDRN liocht ~ollactars nraduce

tion method. The MACRO light collectors produce
optical reflections of approximately 5~10% of the
incident intensity. The PHRASE photomultiplier
waveforms show a corresponding sequence of pulses
with decreasing amplitude (the signals appear = 62,
124, 186... ns after the main pulse for an original
signal at the center of the counter). The study of the
waveforms in successive time slices corresponds
therefore to the study of the event energy loss for a
range of signal amplifications. Even though the light
level associated with a very fast monopole would be
S0 thh as to saturate the nhntnmnhmhpr and Jor

51gnal circuitry, such an event could stlll be studled
in the unsaturated regime through the lower level
signals associated with its successive reflections. At
least one of these remains well within the linear
dynamic range of the photomultiplier electronics and
all are separated in time from the main signal and

llUlll L[lC Ul_[lCl' UleLdl l'CllCLUUIlb

These optical reflections are visible in Fig. 4, as is
waveform deformation due to nhntnmnlhn]mr satura-

tion. As the pulses fall below the saturated region,
they exhibit an undistorted pulse shape. This can be
verified by renormalizing the photomultiplier pulses
according to the known laser light intensities, which
shows that the unsaturated regions agree.

5. Data collection and analysis

Data discussed here involve two of the individual
contributions to the fully redundant MACRO
monopole program, which also includes additional
scintillator systems, the track etch detector and the
streamer tubes. These data were collected from Octo-
ber 1989 to July 1993, during which time the upper
section of the MACRO detector (the attico) had not
yet become fully operational, so only the lower

section is considered. These analyses apply to veloci-



124 MACRO Collaboration / Astroparticle Physics 6 (1997) 113—-128

ties of 1.2X 107 <8< 107" (the PHRASE) and
107! < B < 1 (the ERP).

5.1. The PHRASE analysis

The PHRASE analysis includes two distinct data
sets. The first (sample 1) was collected during the
twenty-nine months from October 1989 to March
1992, using only the horizontal scintillator planes of
the first supermodule, an exposure of 1.8 X 10'* cm?
s sr. The second (sample 2) was acquired from
December 1992 to June 1993 using the full Jower
section of all six supermodules (less the north and
south faces), an exposure of 3.9 X 10'* cm s sr.
Losses due to detector-wide hardware failures ac-
count for about 5% of the total data; in addition,
certain individual channels are excluded due to local-
ized electronics downtime. There is no surviving
monopole candidate in the range 1.2 X 107° < 8 <
1071

5.1.1. PHRASE event selection
Primary event selection is defined in the hypothe-

sis of a single particle crossing the apparatus. It
requires two hits in two different scintillator planes,
each of them occupying a maximum of three adja-
cent counters. The spatial distance D between hits
and the apparent particle velocity B are recon-
structed from scintillation counter timing. The fol-
lowing cuts are applied:

1. The separation D is required to be at least 2 m in
order to allow accurate time-of-flight and velocity
reconstructions;

2. the velocity is restricted to 8 < 107" in order to
reject the tail of the cosmic ray muon velocity
distribution;

3. energy of at least 10 MeV is required to be
deposited in each of the two scintillator planes in
order to exclude accidental radioactive coinci-
dences; and

4. the velocity is further restricted to the region
corresponding to this minimum energy, > 1.2
X 1073,

A total of 158 events survive these cuts, of which
67 are from sample 1 and 91 from sample 2. They
are divided into two groups depending upon their
apparent velocity: 12X 1072 <B8<5x107° (32

candidates) and 5X 1073 <8< 107" (126 candi-
dates).

The trajectory of an lonizing particle crossing the
MACRO detector is normally well defined by the
streamer tube system, which allows for the rejection
of corner-clipping events. In this preliminary evalua-
tion of the scintillator response, however, it is useful
to apply weaker selection criteria. Streamer tube
tracking is not therefore required; instead, a mini-
mum scintillator pathlength assumption of 15 cm is
made. Typical cosmic ray muon pathlengths are
greater than this value, but it is nevertheless possible
that this assumption could cause a monopole candi-
date with a short scintillator exposure to be rejected.
This effect has been included in the calculation of
detector acceptance.

5.1.2. PHRASE candidates 12X 1073 <B<5X
1077

Monopole candidates in the range 1.2 X 107 < 8
<5 X 107* are evaluated on the basis of their WFD
pulse width. For each, an expected scintillator transit
time is calculated from the apparent velocity and the
assumed 15 cm pathlength. The resultant range,
100-500 ns, is large compared to both the PHRASE
WEFD sampling time of 10 ns and the typical muon
pulse width of = 35 ns. The expected energy deposi-
tion in this region is also large, approximately 10-30
times the typical muon level of = 30 MeV. Thus
these candidates are expected to produce wide
PHRASE WFD pulses which are well over threshold
and which can be tested for consistency with the
expected scintillator transit time.

The PHRASE WEFD pulse width resolution is = 4
ns, based upon an assumed uniform distribution of
actual event times within the 10 ns sampling win-
dow. Hits which appear in up to three adjacent
scintillation counters are summed under the assump-
tion that they represent separate segments of a single
particle track. In no case is the observed total pulse
width consistent with the expected crossing time
(Fig. 11). All candidates are therefore rejected from
the range 1.2 X 107> < B<SX 107

5.1.3. PHRASE candidates: 5X 107 ° < <107
Monopoles with velocities in the range 5 X 1073

<B< 107" are expected to produce scintillation

light at a rate 30-60 times that of a minimum
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ionizing particle Because the expected counter

(,rObblIlg llIIle \O—IAU Ilb} are comparable to cosmic

ray muon pulse widths, however, and because the
PHRASE flash ADC’s saturate for

| e
muon energy range and above, such monopoles could
be confused with cosmic ray muons. Discrimination
among these events, then, must be made on the basis
of energy deposition. As with the pulse width analy-
sis, hits which appear in up to three adjacent coun-
ters are summed.
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nulses in the

into visi-

d
5 c¢m path-
Q

e measured energy loss is convert
ble light density by assuming a fixed 1
length in the scintillator. The result is ¢ mpared to
the prediction for monopoles in Fig. 12. A global
95% confidence level upper limit on the energy loss
rate of any single event is also shown. All the
candidates exhibit energy losses far below those
expected for monopoles of the same apparent veloc-

ity and so all are rejected.

5.14. The PHRASE reflection-based analysis
Analysis of the SX 107 < B < 10~

! candidates
can also be performed using optlcal pulse reflections
(Section 4.5). This method has different systematic
errors than the integrated pulse height approach and

so provides a semi-independent check. Each candi-

date is associated with four waveforms: two from the
two ends of the scintillation counter(s) struck in the
first plane and two from the two ends of the
counter(s) struck in the second plane. The time
region corresponding to the first few optical reflec-

tinng 1ig ]{nr\uln fr\r ea h wavafarm Clhf“ an enerovy
VRIS 15 AV 11 ywaveiUlin, 10 ail CONIgy

analysis is performed by comparing the unsaturated
(linear) regions of the main photomultiplier pulse to
those of the optical reflections. Depending on the
position of the event along the counter, the tail of the
main pulse may overlap with the first reflection; as
we do not correct for this effect it may lead to an
overestimate of the energy deposition. If the overlap
is significam however the pulse from the other end

or the second \umu, etc. } up ical reflections are
instead.

neadd
uscu

5.1.5. Categorizing the rejected PHRASE candidates

While streamer tube tracks are not required by the
PHRASE analysis, they are nonetheless available for
a subsample of the rejected events and so are used to
help categorize them. In the particular case of the
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downward-going tracks, the available data are con-
sistent with the hypothesis of a single cosmic ray
muon that passes through one scintillator plane but
stops just before reaching a second. The two-plane
requirement is satisfied by subsequent muon decay,

which nroduces an electron in the second nlane. In

hich produces an electron in the second plane. In
support of this hypothesis the energy loss spectrum
in the apparent entry plane is of the Landau type,
while the spectrum in the second plane is flatter and
has a cutoff at 50 MeV. The time delay between the
hits in the first and second planes, furthermore, is
consistent with the decay of a particle with lifetime
on the order of a few us (Fig. 13).

Streamer tube tracking information is also avail-
able for many of the apparently upward-going (nega-
tive B) events. In each of these cases complete
tracks are observed in the streamer tubes, but they
include only one of the two triggered scintillation
counters. The second is separated from the track.
This is consistent with the hypothesis of a (down-
ward-going) cosmic ray muon which strikes an inac-
tive region in one of the two scintillator planes, but
meets the PHRASE two-plane requirement by coin-
cidence with a natural radioactive decay. The appar-
ent velocity of these events is randomly determined

l—m the relative timine of the muon and radioactive

Wil Ividuye Uil & O UlC INRON Qi IaliValdl

decay pulses and they sometimes populate the region
of interest.

5.2. The ERP analysis

The ERP monopole analysis applies to velocities
in the range 107' < B8 < 1. Daia were acquired dur-

ing the period December 1992 to July 1993, during

which the entire lower MACRQ detector was opera-

wwalilal U0 CLHRILIC 30 AVAAMRARRS LRaclies as pllia

tional, excluding only the north and south faces. The
total exposure of 5.3 X 10'* c¢m? s sr included 4.7
million ERP muon triggers, of which 2.7 million
included two or more scintillator planes.

5.2.1. ERP Event selection

A fixed scintillator pathlength is assumed in the
ERP analysis for the same reasons it is adopted by
the PHRASE (Section 5.1.1). In the case of the ERP,
however, 10 cm rather than 15 cm is used. The
difference partially reflects the fact that the ERP is a
single-counter analysis, while the PHRASE study

sums up to three adjacent signals. This allows the
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Fig. 13. Energy loss and timing measurements for the downward-
going PHRASE candidates. Losses in the first scintillator counter
are consistent with the Landau distribution for minimum ionizing
particles, while in the second counter there is a cutoff at = 50
MeV. The timing distribution (the delay between the first and
second counters signals) is consistent with a few us lifetime
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ERP to discriminate aamncf muon-induced electro-

magnetic showers Wthh are not as relevant to the
PHRASE analysis because it does not include the
B> 107" regime. As with the PHRASE, the loss of
acceptance due to the fixed-pathlength assumption is
included in the exposure calculation.

The ERP analysis requires triggers in two separate
scintillator planes and defines those two counters
with the highest recorded energy deposition at each
end of the candidate ‘track’ as the primary and
secondary counters. The following event selections
are then made:

1. The primary and secondary counters must be

separated in the vertical direction by at least 2 m,
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insuring a time of flight long enough for accurate
velocity measurements;

2. the total energy deposition in each of the primary
and secondary counters musi be at least 600
MeV, =3 times less than that expected for

mononoles of \lP]{'\PI"\I R—- 10° with 10 ¢m
Cpoies with cm

pathlength in the sc1nt111ator,

3. the 2 V dynamic range of the WFD must be
saturated in both the primary and secondary coun-
ters, as is expected for monopole candidates in
this velocity range (the muon-induced electro-
magnetic shower background, which can generate
large integrated puise heights through well-dis-
tributed individual pulses does not necessarily
satisfy this reqmremenu, culu, 1'11"12‘1uy

4. while operation of the streamer tube system is not
required for the ERP analysis, nevertheless, in
those cases were such data are available, both the
primary and secondary counters must lie along
the same track.

The number of events surviving these require-
ments is 33. Of these, none exhibits the characteris-
tics of a single, isolated particle crossing; that is, all
are o I]l'b[ Ol'UCI' (,OIlblSteIll WllIl mc vacn(grounu Ol
large cosmic ray muon-induced electromagnetic
showers. However, we note that in case monopoles
are accompanied by showers of relativistic particles,
the velocity determination obtained in the described
system might be biased. This would affect the sensi-
tivity for fast monopoles in case of a large cross
section for proton decay catalysis.

5.2.2. ERP candidate velocity
Each of the 33 remaining events satisfies the

aforementioned 600) MeV energy deposition reguire-

............................... LOPOSIUIVIL ITGRL

ment in both the primary and secondary scintillation
counters. The value of this threshold, however, is
determined on the basis of the lowest velocity in the
analysis range, 8= 10""'. In fact, each of the re-
maining candidates’ apparent reconstructed veloci-
ties is higher than this, as is the energy deposition

expected from them.

Fig. 14 shows the relationship between measured
and predicted energy deposition as a function of
apparent velocity for the 33 remaining events. None
exhibits energy loss consistent with the monopole
hypothesis in both the primary and secondary coun-

ters, and so all are rejected. One event does saturate
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T
L |
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Fig. 14. ERP candidate energy losses in the primary (top) and
secondary (bottom) counters. The expected monopole energy loss
is from [9]. No candidate exhibits energy loss consistent with the
hypothesis of a magnetic monopole in both the primary and

secondary counters. The energy deposition of one event is above
ter {only) for which the

ERDP calihration rancga in the nrimary con
mary counter (o niy), 10r which the

Lnx Caioralon range in uwid pri

arrow indicates a lower limit.

the ERP energy calibration (Section 4.4) in the pri-

mary counter, in which case nn]\} a lower limit of &

idly counicd jseitisanvid

GeV can be assigned. This event is nevertheless
rejected along with the rest on the basis that the
energy recorded in the secondary counter is much
less than that expected for a monopole with the
corresponding velocity ( 8= 1). All 33 rejected can-
didates exhibit localized detector activity consistent
with their categorization as coOSmic ray muon-in-
duced electromagnetic showers.

6. Conclusions

The PHRASE- and ERP-based scintillator sys-
tems described here are efficient in the search for
fast magnetic monopoles in the range 1073 < 8 < 1.

They are a significant part of the full MACRO

monopole program and, considering the results al-
ready published in [13], they demonstrate the ability
of the MACRO liquid scintillator to cover a wide
velocity range. These techniques will be also com-
bined with the other detector components in order to

provide redundant signature of possible candidates.
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The analysis methods described in this paper will
serve as reference for our future analyses. They have
been tested in order to evaluate the experimental
background. Since no candidate was produced in the
test period, the present results can be used to estab-
lish upper limits on flux of fast magnetic monopoles.
Considering the total PHRASE exposure of 5.7 X
10'* cm? s sr, applicable to velocities of 1.2 X 1073
<B< 107, and the ERP exposure of 5.3 X 10"
cm?® s sr, applicable to velocities of 107! < B <1,
and taking into account the different detector accep-
tances of the two analyses, the corresponding 90%
confidence level upper limits on the isotropic flux of
magnetic monopoles are:

@<40x107 " em™ 2 7! st
for 12X 1073 <B<107},

and
P<44x107 5 em 2 s sr!
for 107! < B < 1.

Such results are consistent with those from other
monopole analyses [21-23].

Including all MACRO data obtained through July
1995, using various detector subsystems and trigger
configurations, sensitivity at the level of the Parker
bound [12] can be obtained in the range 107 % < 8 <
1. It is the long-term goal of the MACRO experi-
ment to extend its sensitivity to well below the
Parker bound.
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