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The CYGNUS experiment, located in Los Alamos, NM, has been continuously operating since April 2, 1986,
The experiment consists of an air shower array and an associated 44 m? muon detector; its large sise, good
angular resolution, muon detection, and low energy threshold make it a unique experiment among those
currently operating. The experiment has undergone continuous expansion in several stages since it began
operation. The experiment, its expansion, and further plans for the future will be described.

1 Introduction

The fleld of high-energy astrophysics has seen rapid expan-
sion in the last several years. This is partially due to recent
observations of several point sources at both VHE (~ 1 TeV)
and UHE (~ 100 TeV) energies. Perhaps the most striking
result was the observation of muon-rich air showers from
the direction of Cygnus X-3'. It was in this climate of unex-
pected resulte in the UHE energy reginie that the CYGNUS
experiment was begun.

There are several characteristics that an> a's-shower ex-
periment shouid have to be able 10 search for point sources.
These include good angular resolution for source identifi-
cation sad background supression, relisble muon identifica-
tion to elimiusto the possibilities of non-mwcaic contami-
nation, and low energy-threshold and lazge ares to provide
hoth good counting statistico and short-term burst seneitiv-
ity. As described below, the CYGNUS experiment moets
all of these needs and on-going expansion will continue to
incrense the capabilities of the experiment; the long-term
goal of perfonuing high duty fector VHE observations will
also he descrihed. Recert results on Cygnue X-3.! Hercules
X-1.2 and other interesting physics*, can be found in the
lUterature.

3 The Past: The CYGNUS-I Array

The CYGNUS air-shower array® is an array of scintillation
detectors deployed around the end of the LAMPF acceler-
ator, tu make use of an existing neutrino detector. at Los
Alainos National Laboratory in Los Alamos, NM. It is lo-
cated at 38.9°N latitude, 108.7°W longitude, and an altitude
of about 2,100 m (7,000') corresponding to an atmospheric
overburden of about 800 g/cm?. The CYGNUS.I array cur-
rently consists of a total of 108 counters spresd aver ar area
of about 20,000 m?.

Each scintilletion detector, shown schematically in Fig-
ure 1, has a single 23" photomultiplier tuhe in a light-tight
fiberglase enclosure viewing a scintillator of ares 0.83 in?.
The information recorded for each event includes the rela.
tive time each detector was hit (with a signal corresponding
to at least about 0.1 minimum ionising particle) as well as
the relative pulse height of the signal. The detectors are reg-
ularly calibreted using single penetrating pacticles recorded
in coincidence with a separate pair of smaller counters placed
in turn directly under each detector.

The location of the experiment at an existing facility ded-
icated to physics research has made operation and inasinte-
nance of the experiment in many respects simpler. Place-
tent of the array around the heam stop results in a rather
irregular pattern, shown in Figure 2, with some detectors
located on buildings or hillsides, hut this pattern does not
effect the overall performance of the array; the reason for
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Figure 1. Schematic of PMT aad scintillator in Light-tight
enclosure. The height of the enclosure reduces path-lngth
differences between the scintillator and the PMT.

the irregular pattern lo the many huildings, trallars, roads,
and parkiag lote in the area. Deployment of the array was
accomplished in three stages: the array hegan taking data
on April 2. 1088 with a total of about 60 countery, with ¢
more added soom after, spread over ahout 10,000 m?. Aa
additional )2 counters were added in July, 1987 incressing
the area covered to about 30.000 m?. Finally, 12 counters
were added ia December, 1948 to fill in the remaining ares
to the sast asar the eventual location of the CYGNUS.UI
array. The spacing betwesn counters rangw from about 10
m 2 the contral part of the array 10 about 20 m near the
edgen, eapecially towards the east, with an average of about
14 10 between counters.

A layer of lead, approzimetely | radistion-leagth thick,
has heen recently placed oa (nearly) all of the detectors. The
lead has resulted in slight improvemaeuts in energy thswhold
and anguiar resolutioa; determinstion of the quastitetive of
iinprovemsal of energy threshold, effective area, nad angulas
tesolution is dificult, requiring maay detailed studies of the
data; the results will he “orthcoming.

All of the signals from the counters are hrought to a sin-
gle, centrally located trailer for triggering, digitisation. and
read out. The array is triggered, at a rate of about 3.2¢7},
by at least 20 coumters in coincidence. An additional re
nuirenient of a) least 8 counters heing struck by at lenat 2
particles ench, whicl ahout T0% of the events meet, is made
hefore the event Is recorded to tape for later reconstruction
and analysis.

Figure 2. Deployment of the countery around the LAMPF
Lean stop. Each circle represents a counter. Buildings,
roads. etc. are also shown. The * represents the approxi-
mate location of the E228 detector.

The senith angle distribution of recorded events, aver.
Aged over about a day of running, is peaked within 1%f the
senith and varies spproximately as cos™#,. The distrihution
in not pealied exactly at the senith hecause of the irregu-
lar deployment of the detectors, mostly due to the relative
height variation of sbout 18 m. Ths angular resolution, & a
function of the nuruber of detectors used in rsconsiruction.
is shown in Figure 3; the medias nuinber of detectors used
in the fit is about 20 resulting in an average resolution of
about 0.8°. The primary energy distribution of cosnuc ray
showers is shown in Figure 4. The decrease at low energies
ls due to trigger losses and at high energies it is due to the
decrensing cosmie ray spectrurn. The typical energy of cos-
mic ray events is about 200 TeV and the artay threshold is
ahout 50 TeV.

3 Muon Identification in CYGNUS-I

The CYGNUS.1 array is depluoyed around the LAMPY EZ28
neutrino-electron elastic seattering experiiment, the first cx-
petiment to ohsetve v, - ¢ scattering®, shown in Figure 8
The E218 detector is shivided on the top hy 1.8 m iron equiv-
alent and on three of the four sides by 1.0 in iron equivalent
(the fourth side, toward the heam stop, is shielded 1uch
more). This shielding corresponds to ahout 30 rarliation
lengths and ahout 12 nuclear-interaction lengthe for the top
(30 radivtion lengths and T interaction lsngths fur the sides)
The nunimum energy required for a vertical muon to pan-
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Figure 3. Angular resolution of the CYGNUS-1 asray as
a fnnction of the sumber of detectors used in recomstruction.
The waln requirecnent is that a detector must have a signal
of as least | equivalent minimum ionising particle.
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Figure 4. Primary energy distribution of events detected
in the CYGNUS-| array.
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Figure 5. Schematic rupresentation of the E228 neutrino
detector showing hoth the inner detector and the MWPC
anticoincidence detector.

etrate the top shield is 3.5 GeV while for a muon entering
the sise at a 40°senith angle it s 2.0 GeV.

Inside the shislding the multiwire proportional chamber
detector used as an anticoincidence veto for the neutrino
utperiment serving as the muon detector for the CYGNUS
experiment. This detector, with an efficiancy greater than
99%. is a cube 6 m om a side resulting Ia a minimum area
of 38 m? of muoa detector; the total projectied area of the
detectoe for a typical shower is 44 3.

A fine-grained neutrino detector was installed inside the
shielding/veto systemn. Reconstruction of muons pasning
through this detector can be used to compare the muon di-
rection with the reconstructed air-shower direction to search
for systematic angulas errors in reconstruction. Mura inulti-
ple scattering in the shield is expected to he about 1°*. Figure
6 shows the angular difference diettibution, in right ascen-
sior and declination, for « sample of such events. Clearly,
there i# no evidence for systematic reconstruction errors in
this data greater than 0.2°. The centeral detector met its
eventual demise as the aeed for scintillator arose fur deploy-
ment in the CYGNUS:1I array and its nuon detector.

4 The Presentt The CYGNUS-II Ar-
ray

The snergy of events detected in a husst [rom [{ereules X1
in 1984 by the CYGNUS experiiient? was clearly iferent
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than the hackground distribution. There is therefore a clear
indication that the spectrwun of the burst events is harder
than the cosmic-ray background; thus, a large air-showar ar-
ray designed to concentrate on higher energies will optimize
the ohserved signal and at the same tiine minimise the nuin-
ber of detectors required to cover a given area. This was the
goal of the current expansion effort. known as CYGNUS-II ,
which is designed to greatly expand the area covered by the
CYGNUS experiment.

The CYGNUS-U array is made up of 96 counters, nearly
identical to the CYGNUS-1 counters except for their area,
1.0 m?, deployed over an ares of about 60,000 m?. The
counters are arranged logically into 6 distinct “subarrays”
of 18 counters each, as shown in Figure 7; the reason for
this is to help reduce the electronic gate widths required for
an artay of such sise. The spacing between counters varies
from 20 m for the two subarrays nearest CYGNUS.[ to 30
m for the two furthest from CYGNUS-I . 1be reason for the
graded approach is to expand the high-energy capabilities of
the CYGNUS experiment in a smooth fashion.

The electronics for CYGNUS-1I are somewhat different
than those in CYGNUS-I and are located in a trailer cen-
trally located within the CYGNUS.II array. This elimi-
nates the unacceptably long cable lengths that would be
required to reach the CYGNUS-[ electronics trailer. Tin-
ing and pulse height measurements are still inade for each
coumter but, instead of a single glohal trigger for the en:
tire array, each subarray has its own lower-level local trig-

Figure 7. Deployment nf the CYGNUS.-II array showing
the grouping into siz subarrays. The * here represents the
apptoximate location of the anasasi inuon counters.



ger: a global trigger can be generated either by the require-
ment that at least some minimum multiplicity of counters
in CYGNUS-II is met or by a trigger from CYGNUS-I (and
vice versa). The array is controlled by the computer which
operates CYGNUS-L . It is thus poszible to have both arrays
act as if they were simply a single. very large 2oray without
unacceptably long cable runs.

A relative comparison of the capabilities of CYGNUS-I
and the combination of CYGNUS-I and CYGNUS-!1 can
be made by calculating the integral effective area, assuming
A source integral power-law spectrum with spectral index
¥ = ~-1.0, below an energy E, all normalised to the inte-
gral effective ares of the original CYGNUS-I array with 64
detectors. The comparison is then the ratio of the number
of detected events from a source with such a spectrum; the
results are shown in Figure 8. The comparison for several
energies is

E CYG-lg CYG-II

(TeV) CYG-lgy CYG-lgg
10t 1.6 25
10'¢ 1.6 3.2
10'¢ 16 33
1047 1.6 38

wlere the two columns represent a comparison of CYGNUS-
1 with 00 counters (and the combination of CYGNUS-I and
CYGNUS-II ) with CYGNUS-I with 64 counters, respec-
tively.

Deployment of the counters is uncerway and they should
hecome entirely operctional by the end of 1980,

5 Muon Identification in CYGNUS-II

Several cptions for t . on detestion in CYGNUS-1I were con-
sidered from shielded fine-grain detectors to buried scintil-
lator. When the optioa of huried scistillator was chosen,
an ohvious site presented iteelf. In nearly the exact center
of the CY'GNUS-II array thars is an arroyo at least 30 feet
deep. Simce the local rock is soft, it is tasy to manipulase;
thus, the idea of sinply drilling holes in the side of the as-
toyo and installing ecintillator counters, takem from E228,
was purrued. The muoa detector for CYGNUS-1I lo kaown
a3 “Anasasi”, after the cliff-dwelling indians who inhabited
the urea about 1000 years ago.

There are a total of 18 holes, each )6 in. in diamater
and 40 feet deep, shown schematically in Figure 9. Two
scintillation counters, each 30 in. wide and 10 feet long
(area 2.3 m?), will he placed in sach hole; the total area for
the 30 detectors is 70 m?. The holes are covered by at least
L8 feet (8.48 m) of rock, of density 1.3 g/em?, corresponding
to & minimwn overburden of 710 g/cm?.
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Figure 8. Comparison ~f the relative integral counting
rate, as a function of energy, for the full CYGNUS-I array
and the combination of CYGNUS-I and CYGNUS-1I arrays.
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Figure 9. Schematic representation of the ana asi muon
counters.

6 The Future: The CYGNUS-III Ar-
ray

There are several possible options which could he the next
step for the CYGNUS experiment. For example, contin-
ued expansion to Iarger ares, continued deploymnent over the
present area for lower energies, and more or better niuon
detection. All of these options would be a continuation of
inors detailed stuules of the saune phenomenca. lnstead. the
CYGNUS collaboration has chosen to pursue an entirely dif-
ferent goal, that of performing high-duty factor observations
in the VHE domain. The motivation for this is several fold:
there seem to he more sources observed at VHE energios,
the known sources seem to hurst more often, it is likely that
thers are undiscovered sources at these energies, and there
is & largely unezplored region in energy from the ~ 1 TeV
region where air-Cerenkiov telescopes operate to the ~ 100
TeV region of EAS aerays. The goals for this new effort
strongly suggest a solution based on the EAS array concept
Whaterer the solution, an extensive imuon detector will be
required if it is desired to search for muons in showers at
these energies.

The inost obvicus solution would he deployment of stan-
dard scintillator counters in a very dense array, tentativaly
known as "dense pach.” Such an mr-shower array, with scin-
tillator covering ahout 10% of the total area (0 5% is now
typical) of about 10.000 m?, could ohserve showers from
primary energies as low as 1 TeV with the typical =nergy



of about 5 TeV. The energy-dependent angular resolution
would vary (roin about 2°at threshold to 0.7°at 20 TeV. Such
a detector, as a simple extension of decades old techniques,
could be easily built and would cost several million dollars.
Another option, hased on the water-Cerenkov technique, is
also heing explored.

7 Conclusion

The CYGNUS experitaent has been operating continuously
since April, 1986, The current expansion effort will increase
the sensitivity of the array s factor of about three with in-
creased focus on higher emergios. The next step will be
an attempt to deign and build a detector capable of ob-
serving energies in the unexplored region between | TeV
and 100 TeV with high-duty factor. Witk continued effort,
the CYGNUS experiment will continue to be & unique re-
source at the forefroat of the field making obeervations which
should help expsad our understanding of the physics, both
astrophyrics and pasticle physics, operating at malti-TeV
energies.
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