
University of New Hampshire University of New Hampshire 

University of New Hampshire Scholars' Repository University of New Hampshire Scholars' Repository 

Space Science Center Institute for the Study of Earth, Oceans, and 
Space (EOS) 

2001 

The Milagro gamma-ray observatory The Milagro gamma-ray observatory 

J E. McEnery 
University of Wisconsin - Madison 

R Atkins 
University of Wisconsin - Madison 

W Benbow 
University of California - Santa Cruz 

D Berley 
University of Maryland - College Park 

M L. Chen 
University of Maryland - College Park 

See next page for additional authors 
Follow this and additional works at: https://scholars.unh.edu/ssc 

 Part of the Astrophysics and Astronomy Commons 

Recommended Citation Recommended Citation 
The Milagro gamma-ray observatory McEnery, J. E. and Atkins, R. and Benbow, W. and Berley, D. and Chen, 
M. L. and Coyne, D. G. and Dingus, B. L. and Dorfan, D. E. and Ellsworth, R. W. and Evans, D. and Falcone, 
A. and Fleysher, L. and Fleysher, R. and Gisler, G. and Goodman, J. A. and Haines, T. J. and Hoffman, C. M. 
and Hugenberger, S. and Kelley, L. A. and Leonor, I. and McConnell, M. and McCullough, J. F. and Miller, R. 
S. and Mincer, A. I. and Morales, M. F. and Nemethy, P. and Ryan, J. M. and Shen, B. and Shoup, A. and 
Sinnis, C. and Smith, A. J. and Sullivan, G. W. and Tumer, T. and Wang, K. and Wascko, M. O. and 
Westerhoff, S. and Williams, D. A. and Yodh, G. B., AIP Conference Proceedings, 558, 549-552 (2001), 
DOI:http://dx.doi.org/10.1063/1.1370821 

This Conference Proceeding is brought to you for free and open access by the Institute for the Study of Earth, 
Oceans, and Space (EOS) at University of New Hampshire Scholars' Repository. It has been accepted for inclusion 
in Space Science Center by an authorized administrator of University of New Hampshire Scholars' Repository. For 
more information, please contact Scholarly.Communication@unh.edu. 

https://scholars.unh.edu/
https://scholars.unh.edu/ssc
https://scholars.unh.edu/eos
https://scholars.unh.edu/eos
https://scholars.unh.edu/ssc?utm_source=scholars.unh.edu%2Fssc%2F127&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/123?utm_source=scholars.unh.edu%2Fssc%2F127&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:Scholarly.Communication@unh.edu


Authors Authors 
J E. McEnery, R Atkins, W Benbow, D Berley, M L. Chen, D G. Coyne, B L. Dingus, D E. Dorfan, R W. 
Ellsworth, D Evans, A Falcone, L Fleysher, R Fleysher, G Gisler, J A. Goodman, T J. Haines, C M. Hoffman, S 
Hugenberger, L A. Kelley, I Leonor, Mark L. McConnell, J F. McCullough, R S. Miller, A I. Mincer, M F. 
Morales, P Nemethy, James M. Ryan, B Shen, A Shoup, C Sinnis, A J. Smith, G W. Sullivan, O T. Tumer, K 
Wang, M O. Wascko, S Westerhoff, D A. Williams, and G B. Yodh 

This conference proceeding is available at University of New Hampshire Scholars' Repository: 
https://scholars.unh.edu/ssc/127 

https://scholars.unh.edu/ssc/127


The Milagro gamma-ray observatory
J. E. McEnery, R. Atkins, W. Benbow, D. Berley, M. L. Chen, D. G. Coyne, B. L. Dingus, D. E. Dorfan, R. W.
Ellsworth, D. Evans, A. Falcone, L. Fleysher, R. Fleysher, G. Gisler, J. A. Goodman, T. J. Haines, C. M. Hoffman
, S. Hugenberger, L. A. Kelley, I. Leonor, M. McConnell, J. F. McCullough, R. S. Miller, A. I. Mincer, M. F.
Morales, P. Nemethy, J. M. Ryan, B. Shen, A. Shoup, C. Sinnis, A. J. Smith, G. W. Sullivan, T. Tumer, K. Wang,
M. O. Wascko, S. Westerhoff, D. A. Williams, and G. B. Yodh 
 
Citation: AIP Conference Proceedings 558, 549 (2001); doi: 10.1063/1.1370821 
View online: http://dx.doi.org/10.1063/1.1370821 
View Table of Contents: http://scitation.aip.org/content/aip/proceeding/aipcp/558?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
The AGILE gamma-ray astronomy mission 
AIP Conf. Proc. 515, 467 (2000); 10.1063/1.1291412 
 
The solar two gamma-ray observatory: Astronomy between 20–300 GeV 
AIP Conf. Proc. 515, 426 (2000); 10.1063/1.1291405 
 
Detection techniques of μs gamma-ray bursts using ground-based telescopes 
AIP Conf. Proc. 515, 253 (2000); 10.1063/1.1291376 
 
AGILE: A gamma-ray mission 
AIP Conf. Proc. 510, 746 (2000); 10.1063/1.1303299 
 
The Solar Two 20–300 GeV Gamma-Ray Observatory 
AIP Conf. Proc. 510, 627 (2000); 10.1063/1.1303277 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

132.177.229.79 On: Mon, 24 Nov 2014 14:28:57

http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://scitation.aip.org/search?value1=J.+E.+McEnery&option1=author
http://scitation.aip.org/search?value1=R.+Atkins&option1=author
http://scitation.aip.org/search?value1=W.+Benbow&option1=author
http://scitation.aip.org/search?value1=D.+Berley&option1=author
http://scitation.aip.org/search?value1=M.+L.+Chen&option1=author
http://scitation.aip.org/search?value1=D.+G.+Coyne&option1=author
http://scitation.aip.org/search?value1=B.+L.+Dingus&option1=author
http://scitation.aip.org/search?value1=D.+E.+Dorfan&option1=author
http://scitation.aip.org/search?value1=R.+W.+Ellsworth&option1=author
http://scitation.aip.org/search?value1=R.+W.+Ellsworth&option1=author
http://scitation.aip.org/search?value1=D.+Evans&option1=author
http://scitation.aip.org/search?value1=A.+Falcone&option1=author
http://scitation.aip.org/search?value1=L.+Fleysher&option1=author
http://scitation.aip.org/search?value1=R.+Fleysher&option1=author
http://scitation.aip.org/search?value1=G.+Gisler&option1=author
http://scitation.aip.org/search?value1=J.+A.+Goodman&option1=author
http://scitation.aip.org/search?value1=T.+J.+Haines&option1=author
http://scitation.aip.org/search?value1=C.+M.+Hoffman&option1=author
http://scitation.aip.org/search?value1=S.+Hugenberger&option1=author
http://scitation.aip.org/search?value1=L.+A.+Kelley&option1=author
http://scitation.aip.org/search?value1=I.+Leonor&option1=author
http://scitation.aip.org/search?value1=M.+McConnell&option1=author
http://scitation.aip.org/search?value1=J.+F.+McCullough&option1=author
http://scitation.aip.org/search?value1=R.+S.+Miller&option1=author
http://scitation.aip.org/search?value1=A.+I.+Mincer&option1=author
http://scitation.aip.org/search?value1=M.+F.+Morales&option1=author
http://scitation.aip.org/search?value1=M.+F.+Morales&option1=author
http://scitation.aip.org/search?value1=P.+Nemethy&option1=author
http://scitation.aip.org/search?value1=J.+M.+Ryan&option1=author
http://scitation.aip.org/search?value1=B.+Shen&option1=author
http://scitation.aip.org/search?value1=A.+Shoup&option1=author
http://scitation.aip.org/search?value1=C.+Sinnis&option1=author
http://scitation.aip.org/search?value1=A.+J.+Smith&option1=author
http://scitation.aip.org/search?value1=G.+W.+Sullivan&option1=author
http://scitation.aip.org/search?value1=T.+Tumer&option1=author
http://scitation.aip.org/search?value1=K.+Wang&option1=author
http://scitation.aip.org/search?value1=M.+O.+Wascko&option1=author
http://scitation.aip.org/search?value1=S.+Westerhoff&option1=author
http://scitation.aip.org/search?value1=D.+A.+Williams&option1=author
http://scitation.aip.org/search?value1=G.+B.+Yodh&option1=author
http://scitation.aip.org/content/aip/proceeding/aipcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1370821
http://scitation.aip.org/content/aip/proceeding/aipcp/558?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1291412?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1291405?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1291376?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1303299?ver=pdfcov
http://scitation.aip.org/content/aip/proceeding/aipcp/10.1063/1.1303277?ver=pdfcov


The Milagro Gamma-Ray Observatory
J. E. McEnery1, R. Atkins1, W. Benbow2, D. Berley3'10,

M.L. Chen3'11, D.G. Coyne2, B.L. Dingus1, D.E. Dorfan2,
R.W. Ellsworth5, D. Evans3, A. Falcone6, L. Fleysher7, R. Fleysher7,

G. Gisler8, J.A. Goodman3, T.J. Haines8, C.M. Hoffman8,
S. Hugenberger4, L.A. Kelley2, I. Leonor4, M. McConnell6,

J.F. McCullough2, R.S. Miller8'6, A.I. Mincer7, M.F. Morales2,
P. Nemethy7, J.M. Ryan6, B. Shen9, A. Shoup4, C. Sinnis8,

A.J. Smith3, G.W. Sullivan3, T. Turner9, K. Wang9, M.O. Wascko9,
S. Westerhoff2, D.A. Williams2, G.B. Yodh4

(1) University of Wisconsin-Madison, Madison, WI53706, USA
(2) University of California, Santa Cruz, CA 95064, USA

(3) University of Maryland, College Park, MD 20742, USA
(4) University of California, Irvine, CA 92697, USA

(5) George Mason University, Fairfax, VA 22030, USA
(6) University of New Hampshire, Durham, NH03824, USA

(7) New York University, New York, NY 10003, USA
(8) Los Alamos National Laboratory, Los Alamos, NM87545, USA

(9) University of California, Riverside, CA 92521, USA
(10) Permanent Address: National Science Foundation, Arlington, VA ,22230, USA

(11) Now at Brookhaven National Laboratory, Upton, NY 11973, USA
(12) Now at Columbia University, Physics Department, New York, NY 10027

Abstract. The Milagro water Cherenkov detector began full operation in January
2000. This detector is capable of monitoring the Northern sky at energies above 500
GeV for sources of equivalent strength to the Crab Nebula over one year of integration.
We report on the current performance and sensitivity of Milagro.

I THE MILAGRO DETECTOR

Milagro, a new type of TeV 7-ray observatory sensitive at energies around 1
TeV, with a large field of view (>two steradian) and a high duty cycle (90%),
began full operation in January 2000, near Los Alamos, NM. Milagro consists of
723 photomultiplier tubes (PMTs), submerged below the surface of a large, covered
pool of water. The PMTs are placed on a grid with 2.8 m spacing in each of two
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layers, at 1.5 m and 7 m below the surface. An extensive air shower is detected by
observing the particles which reach ground level. The relativistic particles in the
shower which reach ground level radiate Cherenkov light in the water. An event
is recorded when ~60 PMTs sense light within a ~200ns of one another. The
resulting trigger rate is around 1500 Hz. The relative arrival times of the shower
front at photomultiplier tubes on the top layer are used to determine the origin
(on the sky) of the particle or gamma ray initiating the shower. The lower layer of
photomultiplier tubes is used to identify and reject hadron-induced showers which
dominate the data.

II BACKGROUND REJECTION

The data recorded by Milagro is dominated by a background of hadronic showers.
In order to enhance a gamma-ray signal, techniques to reject hadronicly generated
showers need to be applied to the data. Milagro samples showers which survive
to observation level. The lateral distributions of the shower particles for gamma-
ray initiated showers are expected to be relatively smooth over the detector, while
nuclear showers can be clumpy due to the presence of muons, high-energy gammas
and hadrons.

The raggedness expected for nu-
clear showers is obscured by the
general illumination of shower par-
ticles in the top layer of PMTs, but
their presence should show up in
the bottom layer of PMTs. This
is because most of the particles
are quickly absorbed in the water,
and the Cherenkov light pool pro-
duced by each particle has become
broad and diffuse by the time it
reaches the lower level of PMTs.
Penetrating particles, expected to
be more prevalent in hadronic in-
duced showers, show up as a clus-
ter of brightly lit tubes in the bot-
tom layer.

The ratio of the number of tubes
in the muon layer hit to the pulse
height in the brightest PMT has

tors been found to be an efficient mea-
sure of "dumpiness." Simulations indicate that cutting on this parameter can reject
91% of the proton induced showers while retaining 54% of the gamma-ray signal,
improving the sensitivity of the Milagro detector by a factor of 1.8.

FIGURE 1. The angular resolution is estimated
by dividing the array into two smaller arrays, plot-
ted is the space angle difference between the incident
shower reconstructed by the two independent detec-
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Ill PERFORMANCE AND SENSITIVITY

For an event to be included in the analysis a cut is made requiring that the
number of hits included in the angle fit be greater than 20. The statistical error
in the reconstructed shower angle can be estimated by dividing the PMT grid into
two overlapping arrays of equal size. The space angle difference between the two
arrays is twice as large as the point spread function of the entire detector. This
distribution, shown in Figure 1, peaks at 1.5 degrees, corresponding to a detector
resolution of 0.75 degrees.

o

o

en

4

3.5

3

2.5

2

1.5

1

0.5
***** 00ooooo°ooooooooooooooooooooo000

******* *******************************************

I I I I I I I I I I I I I I I I I I I I I I I I I I I
10 20 30 40 50 60 70

Declination (deg)

FIGURE 2. The 5 sigma flux sensitivity of Milagro in Crab units for one year of observations
using a simple binned analysis with no background rejection (filled circles), with background
rejection (open circles) and using an array of 120 water tanks to improve angular resolution
(stars).

The expected performance of the Milagro detector has been simulated using
CORSIKA to model air-shower development in the atmosphere, and GEANT to
model the detector response [1]. For a rudimentary analysis with a cut that the
number of PMTs in the fit must be greater than 20 and binning the data into 1.2
degree bins, the median triggered energy for a gamma-ray source with the same
declination and spectrum as the Crab Nebula [2] is 2.6 TeV with 90% of the events
falling in the range from 300 GeV to 25 TeV.

Figure 2 shows the expected 5 sigma flux sensitivity for one years of observation
with Milagro. This is shown in units of Crab flux as a function of declination.
The filled circles illustrate the sensitivity for the basic analysis described above,
the open circles show the improvement obtained by applying background rejection.
The angular resolution of Milagro varies strongly as a function of the number of
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tubes included in the angular fit. A "one binsize fits all" approach to the analysis is
not optimal, so the sensitivities shown in figure 2 should be considered lower limits.

IV CONCLUSION AND FUTURE PROSPECTS

Milagro is currently capable of monitoring the northern sky at declinations from
5 to 70 degrees for sources of equivalent intensity to that of the Crab Nebula,
over one year of observation. The sensitivity of Milagro will almost certainly im-
prove as we refine our background rejection algorithms, and when we develop more
sophisticated analysis methods.

An array of 120 water tanks each instrumented with a single PMT is currently
being deployed over 40000 m2 surrounding the Milagro pond. Because the pond is
small compared with the lateral extent of typical air-showers, the additional detec-
tor array will allow for the identification of core positions, dramatically improving
the angular and energy resolution of the instrument. The predicted improvement
in the sensitivity of Milagro is illustrated by the stars in Figure 2.
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