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The History

• Pre-history: first ideas
• Snakes in the haystack: Early attempts at detection
• Desert dreams: The Utah Fly’s Eye
• Funding follies: The battle for high resolution
• Perseverence pays: The HiRes project
• Dances with Wolves: Snake Array, Northern Auger
• TA and Auger
• The unreasonable effectiveness of the fluorescence technique



Fathers of Fluorescence: Oda, Suga, Chudakov and Greisen
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• K. Greisen, Ann. Rev. Nucl. Sci 10, 63 (1960);
• J. Delvaille, F. Kendziorski, and K. Greisen, J. Phys. Soc. Jpn. 

17 (Suppl. A-III), 76 (1962); 
• K. Suga, in Proceedings of the 5th Interamerican Seminar on 

Cosmic Rays, La Paz, Bolivia (1962), Vol. 2, XLIX;
• A. E. Chudakov, in Proceedings of the 5th Interamerican 

Seminar on Cosmic Rays, La Paz, Bolivia (1962), Vol. 2, XLIX.



Air Fluorescence development

• K. Greissen – prototype “fly’s eye” detector at Cornell – 1965-70 – no 
events seen.

• T. Suga et al. – prototype “fly’s eye” at U. of Tokyo Dodairo 
Observatory – may have observed first such events (cf. B. Dawson)-
1970

• G. Cassiday, H. Bergeson, E. Loh, J. Linsley –first coincident ground 
array/flourescence measurement Volcano ranch-1977

• G. Cassiday, E. Loh et al. First viable fluorescence detector – Fly’s Eye 
at Dugway, Utah 1981-1991



Fluorescence detector at Cornell

Ken Greissen



A prerequisite for detecting Air Fluorescence is 
knowledge of the AF efficiency – Bunner Thesis

Al Bunner and daughter
Visiting TA site



Prof Nagano with relic Japanese FD Prototype



Jack Keuffel

Student of Oppenheimer at Cal Tech.

Worked on the development of radar in England
and MIT  during WWII

Hired as Professor in 1959 (from Princeton)

Developed ( together with Haven Bergeson)  the first significant underground detector to 
search for cosmic ray neutrinos In the Silver King Mine in Park City

While studying the atmospheric muon flux, observed an anomaly in the Muon zenith angle 
distribution  ! “The Utah Effect”. Subsequently discovered error in analysis.



The torch is passed to Utah

• Jack Keuffel was doing pioneering underground muon physics in Park City, Utah mines. 

• Brought George Cassiday and later Gene Loh came from Cornell. 

• After Keuffel’s passing in 1974, Cassiday and Haven Bergeson built a 3 mirror prototype Fly’s Eye 
detector and  took it to John Linsley’s Volcano Ranch array in New Mexico.

• First coincident observation of UHECR in FD and SD



First observations at Volcano Ranch with John 
Linsley







Construction of Fly’s Eye 1 1978-1981

George at the PDP-11 terminal

Typical operating conditions at Dugway PG



F.E. 1 was built and run by an extraordinary group of Postdocs from 
U. of Adelaide: Peter Gerhardy, Bruce Dawson, Dave Liebeing and 
Dave Bird. And Brian Fick and others from Utah



FE 1 Field of View – only FD with full-sky 
coverage

67 mirrors were turned down during daylight hours



Stereo FD arrived with F.E. 2 3.5 km distant. 
First Seven Mirrors at FE 2 ( 1985)



First significant papers: 1983-1985



The “Oh My God” Particle (1991)

Event discovered and analyzed by Paul Sommers and
Hungye Dai. 



Fly’s Eye data -> need better resolution and 
larger aperture -> HiRes





Wonyong Lee Tom O’Halloran



HiRes History

• Initial HiRes (Utah)  proposal was turned down by subpanel of HEPAP - 1991
• HiRes prototype (Utah, Illinois) was funded by NSF-1992 - Dave Berley was 

program director. HiRes prototype/CASA/MIA  experiment begins
• W. Chinowsky took over as our program director at  NSF-1993  - revised HiRes

proposal (Utah, Illinois, Columbia).
• NSB threshold for consideration moves up - 1994
• Willie approves HiRes - 1994
• HiRes construction begins - 1995
• HiRes I begins taking data - 1996
• HiRes II begins taking data - 1999
• HiRes goes off the air - 2006



Sig X-3 Mania:The U. of Chicago/U. of Michigan 
Connection: Jim Cronin and John Van der Velde: 
CASA/MIA

And, importantly, Jim Matthews



Negative Results Can Be Important

• Cyg X-3 searches sparked a wide interest among High Energy 
Physicists, some of whom moved to establish “Particle Astrophysics”

• Gene Loh moved to the NSF where he established a sub-directorate in 
“Particle and Nuclear Astrophysics”. Funding became available for 
large-scale projects (including eventually ICE CUBE)

• The CASA/MIA detector could also study hadronic cosmic rays and 
was in the field of view of the Fly’s Eye.



HiRes Prototype (14 mirrors)
CASA/MIA and Fly’s Eye 2



1992-1996: HiRes Prototype
• 14 (HiRes-1) + 4 (HiRes-2) mirror prototype 

detector operated between 1992 and 1996
• HiRes-1 field of view up to ~70°.
• HiRes-1 operated in hybrid mode with the 

MIA muon array (16 patches´64 
underground scintillation counters each):





Muon content of  showers in HiRes/MIA higher than expected!



Evidence for Second Knee between 1017 and 1018 eV ?

Zhen Cao



Stereo Fly’s Eye, Prototype HiRes/MIA and HiRes Elongation Rate



The HiRes Collaboration 

• Next gen Fly’s Eye: smaller pixels, full stereo coverage. ~ 10x larger 
aperture, better resolution.

• Collaboration between Utah, Columbia University, University of 
Illinois, Rutgers, University of New Mexico,LANL, U. of Tokyo.

• M. Teshima (U. of Tokyo) built first CTA prototype on an adjacent site. 
Original idea for Cosmic Ray and Gamma Ray Astronomy detector.



High Resolution Fly’s Eye Collaboration:
S. BenZvi, J. Boyer, B. Connolly, C.B. Finley, B. Knapp, E.J. Mannel, A. O’Neill, M. Seman, S. Westerhoff

Columbia University

J.F.Amman, M.D.Cooper, C.M.Hoffman, M.H. Holzscheiter, C.A.Painter, J.S.Sarracino, G.Sinnis, T.N.Thompson,  D.Tupa

Los Alamos National Laboratory

J. Belz, M. Kirn

University of Montana

J.A.J. Matthews, M. Roberts

University of New Mexico

D.R. Bergman, G. Hughes, D. Ivanov, S.R. Schnetzer, L. Scott, S. Stratton, G.B. Thomson, A. Zech

Rutgers University

N. Manago, M. Sasaki

University of Tokyo

R.U.Abbasi, T.Abu-Zayyad, G.Archbold, K.Belov, O.Brusova, S.A..Blake, Z.Cao, W.Deng, R.C.Gray, W.Hanlon, Y.Fedorova, P.Huentemeyer, B.F Jones, C.C.H.Jui, 
E.C.Loh, M.M.Maestas, K.Martens, J.N.Matthews, S.A.Moore,  K.Reil, D.Rodriguez,,P.Shen, J.Smith, P.Sokolsky, R.W.Springer, B.T.Stokes, J.R.Thomas, 

S.B.Thomas, L.Wiencke

University of Utah



HiRes Design Based on Fly’s Eye
Goal: Increase Sensitivity by 10x
• Reduce pmt aperture to increase signal to noise
• Observe significant fraction of events in stereo
• Optimize stereo aperture for > 1019 eV events
• Improve Xmax resolution by 2x
• Increase instantaneous aperture ~ order of magnitude above Fly’s Eye 

detector
• Optimal solution: 1 x 1 deg pixels, 12.5 km separation between eyes.







High Resolution Fly’s Eye at Dugway Proving Grounds

Effective collecting area ~ 1000 sq
km  !!

First FADC traces of EAS development
Bruce KnappCamel’s Back Site



Calibration and Atmospheric Monitoring
• Fly’s Eye and HiRes pioneered calibration and atmospheric monitoring 

techniques now used by PAO and TA experiments
• Pioneered use of lasers and lidar systems to understand aerosols.
• Pioneered use of IR sensors to monitor clouds.



Atmospheric Monitoring:
Vertical Xenon Flashers

Steerable laser can sweep 
through most of our aperture and

provide hourly corrections



Finding Clouds with the Steerable Lasers

Typical Laser Shot Laser Strikes a Cloud



Measured Shower Profile

Event by event:
" Xmax in g/cm2;
" Total energy of the primary 

particle:
" Arrival direction

Statistically:
" Mass composition
" p-air inelastic cross-section

Measured shower parameters.



Stereo Geometrical  Resolution Stereo Xmax Resolution can be tested with data

Data Simulation



Calculated and measured Xmax resolutions
for PAO and TA stereo hybrid events appear
to be very similar

Important cross-check for Auger and TA
to evaluate atmospheric effects.



To appear in PRL next week



Surface and Fluorescence Detectors can work 
together

"S

Development of “Hybrid” detectors

-HiRes/MIA – 10 sq km
--Pierre Auger Observatory
-3000 sq km surface detector
--Telescope Array Experiment
-700 sq km surface detector



HiRes and AGASA groups come together

• In 1999 serious discussions between Teshima, Loh and Sokolsky to 
form a new collaboration

• Pure fluorescence (Snake Array) or mixed Cherenkov/fluorescence 
telescope arrays discussed

• Vision of a hybrid detector using AGASA style surface detectors and 
HiRes style fluorescence technique prevailed.

• TA began taking data in 2008 with Fukushima and Sokolsky as co-
spokespersons.



But before TA there was the Snake Array

• Discussions between Gene Loh, M. Teshima
and myself with L. Wiencke and S. Yoshida doing
extensive field survey.

• Maximize FD Stereo, no SD.
• Optimization -> minimize redundancy –

only 2 detector stereo -> linear array of detectors.
• Site survey was done and > 10 sites found
• ~ 30-40 km apart.



Survey of sites for Snake
Array in Utah



Auger and the acceptance of 
FD’s

1991 - Cronin proposed building at 5000km2 SD array. Dublin 
meeting
1995 – Fermilab six-month workshop to design the next 
observatory “Let a thousand flowers bloom”. Selection of water 
tanks for SD and addition of an FD detector ( Paul Sommers).
1998-1999 – Jim Cronin comes to University of Utah to push for 
large array and collaboration with HiRes group and Japanese TA 
group for Northern Auger. Idea of North and South 
observatories. Northern Auger sites narrowed to Utah and 
Colorado.
2000 – Colorado chosen for Auger North. 
2002 – Construction begins on Auger in Argentina.
2009 – Proposal for N. Auger in Colorado to funding agencies –
not funded. 



Transition to TA
New fluorescence telescopes and leadership from 
Japan – M. Fukushima ICRR Tokyo

•



○ Fluorescence Detector
○ Surface Detector
△ Communication Tower

Telescope Array Detector

Near Delta, Utah 

Millard county Utah USA

N39.1°W122.9°

1350-1500m asl

Total ５０３SD(2007/12-)

27Km
(Google earth)

Long Ridge Black Rock Mesa

Middle Drum



Auger Slides
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Auger state of the art FD detectors and sophisticated 
atmospheric monitoring -> good EAS
reconstruction and resolution. Large aperture -> 
tighter cuts on data.



And yet !



25 gm/cm2 shift

Remarkable agreement between all FD experiments on the 
Evolution of shower maximum with energy.



After 40 years, Air Fluorescence is a well-
understood technique. Remaining issues
• Air Fluorescence Efficiency
- Large number of laboratory measurements but room for  

improvement. Translating single particle measurements to EAS
- Possible hints of energy dependence  within EAS development 
(sFLASH)
• Atmospheric corrections –GDAS, Lidar etc – major improvement.
• Most importantly: Independent measurements by competing groups.
- Auger/TA comparisons are crucial in understanding details of 
remaining FD systematics.



The History of the (Fluorescent) Future?

• Faster, Cheaper, “Better”?
• Cadillac Desert? 
• Space Poetry?



The next generation will have to decide

Stan Thomas, Senior Engineer
35 years with FD development

Bob Cady, First Ph.D
Student on Fly’s Eye.
TA deployment chief



Proposals for collaborative studies…



Early Work on Lidar Systems



Study of multiple scattering of 
Light in atmosphere - Aureole
Of point source.

Hot-air balloon mounted point
light source (collaboration with 
Air Force -

HiRes mirrors pick up scattered
Light over wide angular range

Study dependence on aerosol 
properties



Taken in Nov.2007 ( Before Shielding )

Energy: Max40MeV( Continuous adjust )

Repetition : 1Hz（Max)

Beam power: 6.4mJ/pulse(=109e－/pulse)

Horizontal (m)
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Geant4

Air Shower
Made by

View of lower 
FD Camera

View of upper 
FD Camera 100m

40MeV 
30000e-

Pulse width: 1μsec ( typical value )

Energy Calibration using by LINAC

@KEK Japan. 

Shipping : ! this Autumn. 



The race for the GZK – mid 80’s

Yakutsk

Fly’s Eye

Akeno



AGASA and the GZK crisis

• AGASA- first ~100 km2 surface array – successor to Akeno.
• No evidence for GZK
• No evidence for anisotropy
• How can this be reconciled with universality of microwave 

background?
• Possible ‘New Physics”?? A thousand theory papers followed…



11 obs. / 1.3~2.6 exp. 

5.1 x 1016 m2 s sr

Nagano and Teshima led the development of AGASA (ICRR Tokyo)



Five Decade Spectrum showing five spectral features. Energy scale 
determined by AF



The Birth of the Auger Observatory

• Jim Cronin came to Utah for several years 1998-2001.
• Proposed next gen ground array ~1000 sq km scale; one in each 

hemisphere. 
• Southern array near Malargue, Argentina
• Northern array – Utah near Delta or Colorado
• Only southern site was funded. Added air-flurescence to make a 

hybrid detector.
• TA became the Northern UHECR observatory.



Auger sees weak excess from Cen A ( also 3.8 
Mpc )

• E > 57EeV
• r = 20°

VHEPA, January, 2016 69



Composition and Anisotropy requires more 
statistics above 1019 eV:TAx4



" Predicted in 1966 by K. Greisen, G. Zatsepin, and V.
Kuzmin.
" Photons of  CMBR interact with cosmic ray protons
of  extragalactic origin.  
" Photoproduction of  pions; Δ resonance.  
" Pion carries away 20% of  proton’s energy # strong
energy-loss mechanism for protons that travel > 50 Mpc.
" Causes a strong break in the spectrum if  sources are
distant.
" Should occur at about 6x1019 eV (10J) if
Sources ~ universally distributed
.



High Resolution Fly’s Eye at Dugway Proving Grounds

Effective collecting area ~ 1000 sq
km  !!







High Resolution Fly’s Eye at Dugway Proving Grounds

Effective collecting area ~ 1000 sq
km  !!



Energy Spectrum by AGASA (θ<45)

11 obs. / 1.3~2.6 exp. 

5.1 x 1016 m2 s sr


