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Summary. - -  MACRO is a large-area detector to be installed in hall B 
of the Gran Sasso Laboratory. Making use of scintillation counters, 
plastic streamer tubes, and track-etch detectols, it is designed to search 
for superheavy magnetic monopoles beyond the Parker bound, high- 
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phenomena in the cosmic radiation. 
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1 .  - I n t r o d u c t i o n .  

The Gran Sasso Laboratory is a unique facility in the world: its impressively 
large halls, easy access and powerful support facilities make possible to design 
a new generation of sophisticated nnderground detectors, dedicated to various 
fields of investigation. 

MACI~O is a large-area detector, designed to be installed in the hall B of 
the Laboratory,  and dedicated to the study of rare phenomena in the  natural  
penetrating radiation. The detector has a planar structure covering a surface 
of ~ 1400 m ~, with an acceptance for isotropic particle fluxes of ~ 12 000 m s sr. 

Its design is optimized to search for magnetic monopoles, and for high- 
energy neutrino and gamma astronomy via the detection of the secondary 
penetrating muons. 

The search for monopoles is based on excitation-ionization methods. The 
large detector acceptance allows the search significantly beyond the astrophysical 
bounds. Furthermore,  all the three techniques used in existing experiments 
(scintillation light, gas ionization, and track-etch detectors), are simultaneously 
used here, aiming at unambiguous and convincing results. 

The ]V[ACI~O detector is a sensitive observatory to search for and to study 
cosmic objects, like Cygnus X3, which are powerful emitters of very-high- 
energy neutral particles (gammas, neutrinos, or new particles), detectable 
through the secondary penetrating muons. Gamma sources can be identified 
by narrow anisotropies observed in the downward-going muon flux, in the 
celestial co-ordinate frame. The Gran Sasso location and detector geometry 
give a good exposure to Cyg X3. The neutrino sources can be identified by 
similar narrow anisotropies observed in the upward-going muon flux, which 
is relatively small and due to atmospheric neutrinos. The detector has a good 
exposure for two interesting sources, Vela X l  and L~C Xd, already identified 
as VHE gamma emitters by surface detectors in the southern emisphere. The 
sensitivity estimates give a high expectation for this experiment to open this 
new observation window. Due to the high particle energies involved, this 
field of investigation can be of outmost interest not only for astrophysics but  
also for particle physics. 

This connection between astrophysics and particle physics is true in a very 
general sense for this detector. I t  can observe rare new forms of mat ter  among 
the radiation filtered by the mountain, being generally sensitive to exotic 
penetrating superheavies. Exotic phenomena can be discovered i n  the multi- 
muon events, which are both a source of information about very-high-energy 
particle processes (the primary particle interactions in the atmosphere) and of 
astrophysical phenomena (the origin of the cosmic-ray primaries). 
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2.  - D e t e c t o r  d e s c r i p t i o n .  

The detector  has been  designed to be  insta l led in hal l  B of the  Gran  Sasso 
Labora to ry .  I t  has  a p l ana r  s t ruc tu re  wi th  ac t ive  d imensions  of 111.4 m along 
the  hall,  12 m across, and  4.7 m high. Since in the  ver t i ca l  dimension it takes  
only abou t  one half  of the  useful hal l  vo lume,  its genera l  mechanica l  design 
provides  a concrete  floor a t  a height  of 5.7 m f rom the  original  floor, which can 
be used for other  exper iments .  

According ~o the  physics  objectives,  the  basic de tec tor  concept  is t h a t  of a 
pene t ra t ing  par t ic le  identifier.  The m a i n  pa r t ,  shown in fig. 1, consists of a 
hor izonta l  sandwich of ~wo layers  of l iquid scinti l lat ion counters ,  t en  layers  
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Fig. 1. - Cross-sectional sketch of the 4erector, showing the relative position of the 
various components. 
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of plas t ic  s t r eamer  tubes ,  and  a sandwich of plas t ic  t r ack -e t ch  detectors.  These 
sensit ive e lements  are d i s t r ibu ted  t h roughou t  u th ick  concrete  s t ructure ,  to  
provide  the  posi t ive  identif icat ion of pene t r a t i ng  par t ic les  (muons). All the  
sides of the  ma in  hor izonta l  s t ruc ture  are closed b y  the  same sensi t ive e lements ,  
as shown in fig. 2. The  acceptance  of t he  closed s t ruc tu re  for an  isotropic  
par t ic le  flux is ~ 12 000 m ~ st. 
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Fig. 2. - Cross-sectional sketch showing the active components which close the sides 
of the detector. 

The l iquid-scinti l lator counter  layers  arc 25 cm th ick ,  provid ing  accura te  
eae rgy  loss and  t iming  informat ion ,  in pa r t i cu la r  par t ic le  ve loc i ty  and  direction. 
The s t r eamer  tube  l~ycrs p rov ide  t r ack ing  with  high angle accuracy  and  ioniz- 
a t ion informat ion .  The t r ack-e tch  sandwich records the  t r a c k  of highly ionizing 
pene t r a t i ng  part icles.  

The whole detector  s t ruc ture  results  f rom the  simple a r r angemen t  of a single 
modu la r  un i t  for each of its const i tuents .  
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The scintillator counters  (572 total)  consist of PVC boxes ((50 • 2 1 5  
•  m),  filled with a safe, stable and highly t r ansparen t  mineral  oil-based 

liquid scintillator. Each  box  is l ined with low index of reflection (n ~ 1.35) 
F E P  TEF LON,  provid ing  to ta l  reflecting optics. Each  counter  is viewed b y  
two phototubes ,  one at  each end. The major  pa r t  of the  read-out  electronics 
is the pulse-heigh t digi t izat ion of each photo tube  signal, with wide dynamic 
range,  fine t ime resolut ion and long memory .  

The plastic s t reamer  tubes  consist of single cells of (3 • 3) cm2•  12 m, filled 
with a hel ium and  n-pentane  mix ture ,  and with a 60 ~m anode wire. The 
single-cell ca thode s t ruc ture  has low res is t iv i ty  graphi te  side walls and electro- 
deless top  and bo t tom walls. The modular  uni t  consists of an ex t ruded  PVC 
chamber  ((25 •  2 •  m) containing all open 8-cell profile, ex t ruded  PVC 
also. Two 8-tube chambers  fit one scintillation counter .  Two-dimensional  
localization in one layer  of s t reamer  tubes  is provided  b y  one set of external  
pick-up strips placed along the  wires, and one set of pick-up strips placed at a 
stereo angle of ~ 30 ~ bo th  with ~ 3 cm pitch.  

The t rack-etch detec tor  module  is a th in  sandwich of Lex an  and C1~39 
sheets, separated by  an a luminum absorber.  

The combined detec tor  will give a spatial  accuracy in the  s t reamer  tubes of 

A x ~ A y  ~ A z ~ l c m .  

The t en  t rack  points  of through-going part icles yield an angular  accuracy 

A0 ~ 0.2 ~ . 

The scintillator counters  in a single layer  using pho to tubes  at each end have 
spatial  and t iming accuracy  

Ax ~ 15 cm and  At ~ 1 n s ,  

while the  s t reamer  tubes  give 

At ~ 50 n s .  

The ionization loss for min imum ionizing particles crossing bo th  scintillators 
is measured with an accuracy 

• ~ 5 %. 
(A:~/Ax) 

The ionization threshold for fully efficient detector  tr iggering by  the  s t reamer  
tubes  is 

(AE/Ax):,o ~ ~O::(AE/Ax):,:.,.o. : ~ ,  
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while for scintillators the  corresponding threshold is 

~_, 1 0 - ~ ( A . ~ / A x ) = , , , . , o , , .  , , , , ,  �9 

The threshold for au individual  scintillator couuter  to detect electrons with 

good background rejection is 

E ~ 10 MeV.  

The average min imum energy for muons to cross the  whole detector is 

E~ ~ 3 GeV.  

3.  - M o n o p o l e  d e t e c t i o n .  

Grand unified theories require the  existence of monopoles. ~klso t h e y  can 
predict  their  properties~ but  not their  abundance  in the  Universe, which at 

present  is completely uncertain.  
Actual ly  the only guidance to the  experimentalists  comes from the astro- 

physical  bounds to their  flux. The persistence of the  galactic maguet ie  field 
and the  max imum ullowed invisible ma t t e r  in the  univers% both  set a limit 
to the  flux of superheavy monopoles (m~ ~ ~0 ~6 GeV/e2), which is roughly 
the  same in the  two c~ses, ~ 10 -~5 cm -~ s -z sr -~. 
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Fig. 3. - Summary of results from main monopole search experiments using the tech- 
niques 4escribed in the text. 
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The MACRO acceptance allows a search significantly beyond  this limit. 

Recent  theoreticM and exper imenta l  work allows us to rely on the detector 
sensi t ivi ty in the 10-3c veloci ty range (galactic trapping) which is reason- 

~bly expected for monopoles.  
The expected detector performance,  compared  to other  representat ive 

experiments  for each technique,  are shown in fig. 3. I n  case of a negative 

result, the  exper iment  will be the  first to  set a significant l imit on the contri- 

but ion of monopoles to the  dark  ma t t e r  in the  Universe. 

I top sc/nt/LLatot" 
i 
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t2 ~ At 2 

~bottomcL ~ ]scintitlat~ ~ r = t2--t, " - ~  t v- 

Fig.  4. - The concept  fo r  s low pa r t i c l e  de tec t ion  in  the sc in t i l l a to r  system is shown. 
A long pulse due to the slow passage of the particle is observed in both the top and 
the bottom layers. 

I 
X view 0 view t [me  

Fig. 5. - The concept of monopole detection hi the streamer tube system is shown. 
A track in space is observed, with a linear distribur in time of the ten streamer 
tube hits (time track). 

19 - I I  Nuovo  Cimento C. 
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T h e  c o n c e p t  of m o n o p o l e  i d e n t i f i c a t i o n  for  e a c h  of t h e  t h r e e  c o m p l e m e n t a r y  

m e t h o d s  a r e  s h o w n  in  fig. 4-6. 
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Fig. 6. - The concept of monopole detection in the t rack-etch detector. 

T h e  m o n o p o l e  v e l o c i t y  a c c e p t a n c e  a n d  t h e  t y p e  of i n f o r m a t i o n  i n v o l v e d  

for  t h e  v a r i o u s  t e c h n i q u e s  a r e  shown  in fig. 7. 
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Fig. 7. - Summary of the response of the various detector  elements for monopole 
detection. 
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4. - VHE neutrino and gamma astronomy. 

The observation by surface detectors of intense emission from Cyg X3 of 
very-high-energy gammas (up to 10 ~6 eV) has opened an exciting new field of 
investigation. Similar phenomena have been observed as originating front 
Vela X 1  and L~r X4 (fig. 8). Due to the high energies involved, both at 
production at the extraterrestrial  source and at the final terrestrial interaction, 
this new phenomenology can be of relevance not only for astrophysics, but  
also for particle physics. 

vertical OLt 
G r a n  Sasso 

N Cyg X3 

VeLo. XI LM X4 S 

Fig. 8. - Exposttre ~f the Graft S~sso l~titude to Cyg X3, Vel~ X1 ~nd LMC Xd. 

These objects are Binary X systems, consisting of a pulsar revolving around 
a large companion star. In fact the characteristic feature of the observed high- 
energy emission is its t ime modulation with the binary revolution period, as 
measured in the X-ray observations. The duty factors are small~ around 1%.  
Also of relevance is the relatively smooth differential flux shape ( ~  E-2). 

The high energies observed suggest tha t  the primary accelerated particles 
are protons. In a simple model these are accelerated and emitted isotropically 
out of the pulsar. The gammas arriving at earth are originated from ~o decays 
produced by protons interacting in the star ((atmosphere)>. This mechanism 
can occur only when the pulsar comes out of or enters the eclipse, and naturally 
explains the small duty  factor of the emission. 

The 5~AC1~O detector has a good acceptance to observe photons from 
Cyg X3 (fig. 8), through the penetrating muons produced in the atmospheric 
gamm,~ showers. Front the gamma fluxes observed at high energy (> 10 -15 eV)~ 
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assuming a differential  power  law E -z, and a d u t y  factor  of 1 % ,  the  detector  
sens i t iv i ty  has  been  eva lua ted  b y  Monte  Carlo in two hypotheses .  I n  the  first 
case a conserva t ive  ex t rapo la t ion  has  been  considered for the  pho toproduc t ion  
cross-section a t  high energy,  leading to an expec ted  signal of 20 events /year ,  
over  a background  of 10 even t s /yea r ,  in an ungular  window of • 0.5 ~ 

I n  the  second ease, according to  the  a p p a r e n t  expe r imen ta l  observat ion ,  
the  m u o n  content  of the  g a m m a  showers has  been  assumed  equa l  to  t h a t  of 
had ron  showers. This would lead to  the  obse rva t ion  of 300 events /year .  

The mechan i sm described above  for g a m m a  emission f rom these  sources 
is expec ted  to  produce  also neutr inos ,  f rom the  decay chain  of charged pions. 
Assuming two charged  produced  for each one neu t ra l  pion,  one expects  twice 
~s m ~ n y  m u o n  neutr inos  and  ant ineut r inos ,  wi th  abou t  one half  the  gamm~ 
energies. However ,  due to  the  much  larger  absorp t ion  length  of neutr inos into 
m a t t e r ,  the re  can be several  mechan i sms  which can give a neut r ino  flux a t  
ea r th  much  lurger t hen  the  observed  pho ton  fluxes. For  ins tance  LMC X4 is 
an  ex t raga lac t ic  source which is 50 kpc  fa r  f r o m  the  E a r t h ,  so t h a t  only due to  
the  in te rac t ion  with  the  mic rowave  background  the  observed  p r i m a r y  gamm~ 
spec t rum is expec ted  to  be  ~ t t enua ted  b y  u f~etor  of ~ 3. 1Vfore in general ,  
wi th  the  g u m m a  emission mechan i sm depicted ubove,  a lurge re la t ive  gain in 
the  neutr ino luminos i ty  is expec ted  to  come f r o m  a much  larger  du ty  factor ,  
which in the  l imit  can be 50 %,  wi th  neutr inos  coming out of the  sys tem during 
the  whole pulsar  eclipse. 
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Fig. 9. - Expected energy spectrum at the detector, for muons produced by neutrino 
interactions in the surroun4ing rock. A differential flux shape E -2 has been assumed 
for neutrinos. 
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The ]V[ACRO detec tor  has  a good sens i t iv i ty  for  the  obse rva t ion  of Vela X1 
and L~r X4 th rough  the  upward-going  muons  p roduced  b y  the  neut r ino  inter-  
actions in the  rock  (fig. 8). Neut r ino  fluxes have  been considered, resul t ing f rom 
the  observed g a m m a  luminosit ies,  and  t h e n  assuming  a d u t y  fac tor  gain of 20, 
an a t t enua t ion  gain  of 3 for  L ~ C  Xd, and an  E -= differential  power  law. The 
dctectuble  muon  flux has been  calculated considering neut r ino  and  ant ineut r ino  
i~mlastic in teract ions  in the  rock,  and  mnon  p ropaga t ion  in the  rock,  including 
the  c.m. losses for t he  h igh-energy  mnons.  

I n  th is  way  ~r is expec ted  to detect  ~ 6 even ts /yeur  f rom Vela X]  
and  ~ 20 even t s /yea r  f rom LMC X4. 

I t  is worthwhile  not ic ing the  ha rd  muon  spec t rum expec ted  a t  the  detector  
(fig. 9), which in t u r n  implies a v e r y  nurrow angula r  d is t r ibut ion  (A0 ~ 0.5 ~ 
of the  observed muons  wi th  respect  to the  incoming neutr inos  (fig. 10). This 
allows for a na r row angula r  selection of events  (=~ 1~ which makes  negligible 
the  a tmospher ic  neut r ino  background  ( ~  0.1 even t s /yea r  for a g iven  direction). 
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oEfferentiaL spectral /ncZex 

Fig. 10. - Expected angular deviation of the detected muons with respect to the in- 
coming neutrinos, as a function of the differential spectral index of the neutrino flux. 
Both the kinematics of the interaction and the multiple scattering of muons in the 
rock are included. 

Atmospher ic  neutr inos on the i r  own will allow to  pe r fo rm  a m u o n  neutr ino 
d isappearance  exper iment ,  based  on the  m e a s u r e m e n t  of the  modula t ion  of the  
angle d is t r ibut ion of upward-going  muon  neutr inos  (see the  p a p e r  b y  GRn~o 
and  VALENTE at  th is  same conference).  
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5 .  - M u l t i m u o n  p h y s i c s .  

The de tec tor ,  des igned to  search for t he  ra re  p h e n o m e n a  discussed before,  

t u r n s  out  to  be a power fu l  i n s t r u m e n t  for  t he  s t u d y  of t h e  s t a n d a r d  cosmic-ray  

muons.  I t  wil l  de tec t  ~ 2-107 single muons  and  ~ 6.105 m u l t i m u o n s  pe r  year .  

This la rge  amoun t  of da t a  will  al low to  address ,  w i th  s ignif icant  con t r ibu t ions ,  

some c l a s s i c a l t hemes  of cosmic- ray  phys ics ,  such as t he  p r i m a r y  energy spec t rum 

and  chemica l  compos i t ion  a t  h igh  ene rgy  ((10~3+10 ~7) eV). 

The large de tec to r  d imensions  wi th  respec t  to  the  t y p i c a l  m u l t i m u o n  event  

size, wil l  al low us to  me~sure unb ia sed  mu l t i p l i c i t y  d i s t r ibu t ions  and  also to  s tudy  

t h e i r  t r ansve r se  s t ruc tu re .  These events  can give h in t s  of new phenomena  

ar i s ing  in hadron  collisions at  ve ry  h igh  energies,  such as anomalous ly  large  

t r ansve r se  m o m e n t a  (far away  muons) ,  or the  p roduc t ion  of new s tab le  heavies  

(de layed  muous).  

6 .  - C o n c l u s i o n .  

The MACRO de tec tor  to  be ins ta l l ed  a t  t he  Gran  S~sso L a b o r a t o r y  is a 

mu l t i pu rpose  device op t imized  for monopoles ,  a s t rophys ics  and  cosmic- ray  

inves t iga t ions .  The qua l i t y  and  r e d u n d a n c y  of i n fo rma t ion  make  i t  in genera l  

sens i t ive  to  search for ra re  exot ic  phenomena  ill the  p e n e t r a t i n g  cosmic rudia t ion .  

The device is modu la r  in cons t ruc t ion  wi th  a p roposed  schedule of hav ing  the  

first  module  (about  12~ of the  t o t a l  detector)  ope ra t i ona l  in 1986 and  the  

full  de t ec to r  comple t ed  in 1988. 

�9 R I A S S U N T O  

MACRO ~ un apparato a grande area, ehe installare nella sala t3 del laboratorio dei 
Gran Sasso. Basato sull'uso di contatori a scintillazione, tubi a strealner e rivelatorl 
a track-etch, esso ~ progettato per la rieerea di monopoli Inagnetici superpesanti oltre 
il limite di Parker, di sorgenti cosmiche di neutrini e gamma d'alta energia e, pi6 in 
generale, di fenomeni esotiei nella radiazione eoslnica. 

Pe3ioMe. - -  MACRO llpe~cTaB~-J~eT C060~ ~eTeKTOp C 60~J, IIIO~ ri~ioma)~mo, KOTOpI,I~t 
6y~eT yCTaHOBJIeH B IIO~3eMrlO~ B/,Ipa6OTKe B JIa60paTopn14 Fpan Cacco. KOHCTpyK!2H~t 
~eTeKTOpa, B KOTOpOM HClIOJIb3ylOTC~I CI2HHTHJlYI,q~klOHH/ale, CTpHMepHBIe 14 TpeKOB/,le 
oteTqmrri, pa3pa60TaHa c i~eablO II014CKa cBepXTa~KeablX MarHrlTHbIX MO14OnoYIel~I B 065IaCTrI 
rmme IlapKepOBCKOrO ilpe~eJia, KOCMBqeCKHX HCTOqHHKOB FaMMa-KBaHTOB 14 He~TpHHO 
BBIC0KI4X 3Hepr14~, H S II~eJIOM - -  3K30TH~/ecK14X .qBY/eHH~ B KOCMHHeCKOM H3JIyqeHrm. 


