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DefinitionsDefinitions

Cosmic Rays: Particles (mostly charged) that are produced
astrophysically and that bombard the atmosphere.

TeV: 1012 eV.
PeV: 1015 eV.
EeV: 1018 eV.

UHE: Ultra High Energy
Energies above 100 TeV, or 1014 eV.

CASA-MIA: Chicago Air Shower Array –
MIchigan Anti Array



OUTLINEOUTLINE
• Scientific Motivation for CASA-MIA

Cosmic Rays and their origin
The tale of two sources: Cygnus X-3 & Hercules X-1

• A New Direction
Jim’s vision.
The people involved.
How it happened: building and operating CASA-MIA.

• The Science of CASA-MIA
Primary scientific results and impact.
Other directions.

• Conclusions



Cosmic RaysCosmic Rays
1912:  Discovery by

Victor Hess
Many years of research followed –
especially connected with Univ. of Chicago.

Key Properties:

1. Particles
2. Charged
3. Energetic
4. Isotropic

Electroscope

Cosmic Ray Energy Spectrum

CASA-MIA

Galactic ? 

SNR Extragalactic ?

AGN ?



Cosmic RaysCosmic Rays

Fascinating objects:

• Key source of extraterrestrial material.
• Abundant and replenished.
• Reaching remarkable energies.

Their origin is a 
90 year old mystery !

Need neutral particles to do Astronomy.
Can detect γ-rays using air showers.

JWC Calculation



Detecting Gamma RaysDetecting Gamma Rays

Whipple atm.
Cherenkov 
telescope

Compton Gamma
Ray Observatory

CASA-MIA
E ~ 1 TeV E ~ 100 TeV

E ~ 1 GeV



Extensive Air ShowersExtensive Air Showers



A Tale of Two SourcesA Tale of Two Sources
In early 1980’s, several air shower experiments saw intriguing results when
examining showers arriving from a certain type of astronomical source.

The sources were X-ray Binaries: 
Air Shower Results (1980-1985):

• Excess of events from direction of X-ray
binaries Cyg X-3, Her X-1.

• Periodic signature (4.8 hr for Cyg X-3).
• Large fluxes large UHE luminosities.
• Small experiments, weak significances.

Cygnus X-3
(Chandra)

Great excitement and interest: 
could these sources be the origin 
of the HE cosmic rays ?



Cygnus XCygnus X--33

Kiel Experiment:
claim 4.4σ signal.

4.8 hr periodicity

Haverah Park  
~ 4σ effect.

Results  1983

28 counters, each 1 m2

Energy: 1-10 PeV

Experiment Details

4 large water 
Cherenkov detectors.
Energy > 1 PeV



The Mystery DeepensThe Mystery Deepens
• Evidence for another source Her X-1.
• Detectors at other energies seem to confirm these sources.
• More muons than expected from gamma-ray primaries.

Are the primary particles not gamma rays, or could 
gamma rays behave differently at these energies ?

Compilation of positive 
results on Cygnus X-3, 
1980-1990.

TeV

PeV EeV



The Road to CASAThe Road to CASA--MIAMIA

• Starting around 1985, there several groups began to develop 
new, more capable air-shower experiments.

• A key effort was initiated by the Univ. of Utah and Univ. of
Michigan groups at Dugway Proving Grounds (Utah).  The idea 
was for a large muon buried array to complement a surface 
array Utah-Michigan Experiment.

• HEP Seminar on May 15, 1985
George Cassiday (Utah)
“High Energy Physics as seen by a Fly’s Eye”

Jim Cronin quickly immersed himself in methodology and
techniques of air shower physics.



Jim’s VisionJim’s Vision

• Construct a much larger, much more sensitive array. Goal is to 
quickly verify these anomalous sources and measure their 
properties in detail or rule them out without regard to periodicity.

• Definitive experiment with state-of-the-art design.
1.  1064 detectors covering 480m x 480m.
2.  On board analog, digital electronics, HV, calibration, etc.
3.  Distributed intelligence: CPU, memory, ENET.
4.  Multiple counters/detector, simplified counters.

• Couple surface array with large µ array to reject hadrons.
Key contribution by our colleagues at Univ. of Michigan.



CASACASA--MIA ConceptMIA Concept

1987 Proposal to NSF

CASA-MIA as completed in 1992.



CASACASA--MIA ConceptMIA Concept

CASA Surface Detector (one of 1089).

MIA underground muon patch
(one of 16). 



The People InvolvedThe People Involved
Utah Michigan Chicago Collaboration (over time):

Chicago Michigan Utah

PhDs: James Cronin Dan Sinclair David Kieda
Leslie Rosenberg Jack van der Velde
Brian Newport Jim Matthews
Ken Gibbs Dave Nitz
Rene Ong Kevin Green ( Chicago)
Brian Fick
Corbin Covault
Lucy Fortson
Mark Chantell

G. Students: Nick Mascarenhas M. Catanese
Hans Krimm A. Glasmacher
Tim McKay
Alex Borione
Joseph Fowler
Scott Oser

And … Mike Cassidy, Marty Dippel, Marypat Sharer, Aspasia Sotir-Plusis
Large number of undergraduate students; many senior thesis students.

Early on: D. Mueller D. Ciampa G. Cassiday 
H. Sanders J. Kolodziejczak Utah Group
M. Wiedenbeck



PeoplePeople

Chicago Group (minus JWC)
γ90 Conference, Oct. 1990, Ann Arbor, MI

B. Newport
K. Gibbs

H. Krimm
N. Mascarenhas

L. Rosenberg
T. McKay

B. Fick
R. Ong

UMC Group (some of)
ICRC,  July 1991, Dublin, Ireland

D. Nitz
J. Van der Velde

J.  Matthews
JWC

H. Krimm
C. Covault

B. Fick K. Green R. Ong
T. McKay

A. Borione

C. Covault S. Oser K. Green JWC
L. Fortson J. Fowler R. Ong

Joseph Fowler’s Ph.D.
December 1999, Chicago, IL



Building CASA at ChicagoBuilding CASA at Chicago

Scintillator sheets.

Glueing counters
(done by JWC).

Finished counters.

Kilometers of cable. Building boards. Shipping detectors



JWC’s JWC’s LeadershipLeadership

Electronic design.

Simulations.

Oversight.



Analysis a la JWCAnalysis a la JWC

Detecting minimum
ionizing particles.

Reconstruction techniques.

Measuring triggering rates
and deadtimes.



Dugway Dugway Proving GroundsProving Grounds

The road from Salt Lake City to
Dugway Proving Grounds.

Approaching the CASA site.

Denizens of the desert.



Attention to Detail !Attention to Detail !



Deploying CASA in UtahDeploying CASA in Utah



Completing CASACompleting CASA

Box (16,16) done !

1089 done !

CASA-MIA, Fly’s Eye 2, and trailers.



Problems … and solutionsProblems … and solutions
• Weird gain measurements in Chicago PMT shielding.
• Water and snow damage covers on each box.
• Board crashes commercial ENET repeaters.
• April 22, 1991.

Lightning Strike of April 1991
Disabled CASA for 7 months

Huge repair effort.
Protection grid and fiber optics.



Living in UtahLiving in Utah
Maintaining CASA-MIA was a wonderful experience.
• Long single-person shifts, except for “raiding parties”.
• Much physical labor (daytime).
• Standard routines of daily life and repairs.
• Trailer living & no running water, but beautiful scenery!

“My two great loves are physics
and desert country.’”
J. Robert Oppenheimer



Operations & PerformanceOperations & Performance
After January 2002, CASA-MIA operated successfully for five years.
All performance characteristics were achieved or surpassed.

Enormous data sample: 1.5M events collected per day. 2000 tapes !

Analysis set up to process the data; 
run by army of devoted students to keep up.

CASA-MIA Event



CASACASA--MIA Journal PapersMIA Journal Papers

Differential spectrum measured; knee is 
not sharp, but  a smooth transition.

AP Phys 10, 
291 (1999)

“The Cosmic Ray Energy Spectrum Between 1014 and     
1016 eV.”

Molecular cloud emission constrained 
and spectral hardening ruled out.

ApJ 493, 175 
(1998)

“Constraints on Gamma-Ray Emission from the Galactic 
Plane at 300 TeV.”

General stringent limit on any source of 
diffuse radiation.

PRL 79, 1805 
(1998)

“Limits on the Isotropic Diffuse Flux of Ultrahigh Energy γ 
Radiation.”

Emission from standard candle source 
turns over at high energies.

ApJ 481, 313 
(1997)

“A Search for Ultrahigh Energy Gamma-Ray Emission 
from the Crab Nebula and Pulsar.”

Limits on steady, periodic and transient 
emission from key binary sources.

PRD 55, 1714 
(1997)

“High Statistics Search for Ultrahigh Energ γ-ray Emission 
from Cygnus X-3 and Hercules X-1.”

Initial results based on 49 detector array.PRD 45, 4385 
(1992) 

“Search for Discrete Sources of 100 TeV Gamma 
Radiation.”

Composition is mixed a lower energies, 
becoming heavier as energy increases.

AP Phys 12, 1 
(1999)

The Cosmic Ray Composition between 1014 and 1016 eV.”

Limits well below extrapolation from 
EGRET energies.

ApJ 469, 572 
(1996)

“A Search for Ultrahigh-Energy Gamma Rays from 
EGRET-Detected AGN using CASA-MIA.”

Detailed instrument paper.NIM A346, 329 
(1994)

“A Large Air Shower Array to Search for Astrophysical 
Sources Emitting γ-rays with Energies > 1014 eV.”

Important calibration; rules out a mostly  
heavy composition.

PRD 49, 1171 
(1994)

“Observation of the Shadows of the Moon and Sun using 
100 GeV Cosmic Rays.”

General survey of entire overhead cky.ApJ 417, 742 
(1993)

“A Northern Sky Survey for Astrophysical Point Sources of 
100 TeV Gamma Radiation.”

Comment     Ref.Paper



Key ResultsKey Results

Regarding its primary scientific objective – detection of γ-ray point 
sources – CASA-MIA was not successful.

• Stringent limits were set on emission from the most interesting
sources at levels well below previous reports.

• Searches for transient and period emission were carried out, along 
with a general survey of the overhead sky.

• The point source limits, coupled with the survey, place a typical
constraint on source luminosity of  L < 1036 erg/s – this largely
rules out a small number of source explaining the origin of CR’s.

A.  Point Sources



Cygnus XCygnus X--33

Scan in right ascension.

Daily limits

Flux limits

CASA-MIA limits factor of 100 
lower than earlier results.

170,000 evts
~180σ



Epilogue: Cygnus XEpilogue: Cygnus X--33
X-ray Binary Systems, like Cygnus X-3, were definitively ruled out
as bright sources of 100 TeV gamma radiation.

Pos

Neg

But … 

HESS and MAGIC have very recently 
detected TeV emission from other X-
ray binary systems, called µquasars.  
The emission is periodic!

Perhaps we were on the right track after all !

LS 5039
HESS image 
and phase plot.



Crab NebulaCrab Nebula
The Crab is a beautiful source, detected at
almost all wavelengths.  CASA-MIA data showed
that the UHE emission must roll over.

Now, 50 TeV radiation
has been detected by
atmospheric Cherenkov
telescopes.

Crab Nebula results (1997).



Using the large muon detector to separate gammas and hadrons, 
CASA-MIA studied sources of diffuse γ-ray radiation with great 
sensitivity.

3 nice results:

• Diffuse radiation from Galactic Plane – tracing CR interactions 
with molecular clouds.

• Rapid bursts from arbitrary directions in the sky – constrained 
short time-scale explosions, such as primordial black holes.

• Search for isotropic emission that would signal any type of new
particle produced in the early universe; basic limit on the
electromagnetic fraction of the cosmic rays.

B.  Diffuse Sources



Diffuse Diffuse γγ--ray Emissionray Emission
Number of detected muons.

EM fraction of CR’s 
< 2 x 10-5 .

N>100 N>250

N>500 N>700



CASA-MIA comprised a very large, uniform surface array with
a large muon detector excellent capability for measurements 
of the properties of the UHE cosmic rays.

Of particular interest are the spectrum and composition.

C. Cosmic Ray Studies

Spectrum: smooth steepening. Composition changes from
mixed to heavy.



Beyond CASABeyond CASA--MIAMIA
CASA-MIA was augmented by other detectors improve 
measurements of the properties of the cosmic rays.

CASA-MIA plus
DICE and BLANCA
in 1999

DICE
(D. Kieda, S. Swordy)

Fly’s Eye HiRes

BLANCA
DETECTOR

BLANCA
(L. Fortson, J. Fowler,
C. Pryke)



Summary Summary –– Legacy of CASALegacy of CASA--MIAMIA
CASA-MIA placed the strongest constraints on both point-
source and diffuse γ-ray emission at ultrahigh energies.  The
general notion of a few bright and steady sources has been 
definitively ruled out.  

The origin of HE cosmic rays is still an important and active
area of research.

In addition, and as important, CASA-MIA:

• Demonstrated the power of detectors with excellent instrumentation
and sensitivity.  Along with atmospheric Cherenkov telescopes, this
brought attention and funding to high-energy astrophysics.

• Brought new people into the field … (many are here today!)

• Led to new directions in particle astrophysics (TeV telescopes,
highest energy cosmic rays, and neutrino telescopes).
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Happy 
Birthday

Jim !


