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1977 Gamma-ray Astronomy … a prescient paper.

Gamma-ray Astronomy from 10 – 100 GeV:   A new approach.
Weekes, T.C. & Turver, K.E.    Proc. 12th ESLAB Symp. Frascati, Italy, ESA SP-124 July 1977.
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SEPARATION of signal from background.

Averaged Lateral Distributions of light
based on Monte Carlo simulations.

Browning and Turver 1975 – protons
Gough and Turver 1977- gamma rays

Protons

Gammas

Two alternatives:-
Fast timing of shower front,

or,
2D imaging of shower light spots
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TeV point-source searching – based on IMAGING

5 views: 100 GeV Gamma-ray light isophotes

100m N,S,E & W of on-axis
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Atmospheric shower development

Diagrams after Michael Hillas
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1978 … Meeting at University College Dublin (UCD)
Neil Porter, David Fegan and Trevor Weekes – exploratory  

discussions about the technical possibility of imaging.

Optimistically thinking about a 
prototype 19 or 37 pixel PMT imaging 
camera  for evaluation observations.

David Fegan

Trevor Weekes
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1980 & 1982     first funding  (Ireland) … hardware design and prototype 
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1980-1982 … first imager electronic system.
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However … disturbing communication Trevor Weekes to Neil Porter
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1982 completed expandable prototype [19,37,61 tubes]. 

D.J.Fegan, D.McLaughlin, J.Clear, M.F.Cawley and N.A.Porter.
Nuclear Instruments and Methods  211, p179-191, 1983.Hillas 2018 10



1982 Tucson, Az – Formation of the Whipple collaboration.

Proc 18th ICRC Bangalore, 1, 118, 1983. Hillas 2018 11



“ During the 1982-83 observational season (using 19 PMTs), many
difficulties had to be surmounted. In practical terms, only a limited amount
of useful observational data were acquired, some of it ‘engineering’ in
nature, the rest punctuated by breaks in observational schedules for
technical reasons. A disastrous experience was a lightning strike, giving
rise to weeks of mid-winter downtime, preventing Crab observations.”

“The task of delivering an Imaging Atmospheric Cherenkov Telescope
(IACT) was proving to be much more challenging than anticipated at the
outset. The second year of operation, 1983-84 was somewhat more
encouraging, since the camera had been upgraded to 37 tubes during
autumn 1983. However, there were many, many unresolved issues some of
which were interdependent”.

1982-1984 incremental progress … many teething problems.
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1. Reliable operational procedures and protocols required establishment. 

2. Calibration and image preparation / cleaning … by trial/error. 

3. Sky brightness variations /  viewing conditions … hidden systematics ?

4. Optics issues:  mirror alignment/focussing/reflectivity.

5. Simulations. Greater numbers of consistent & trustworthy shower simulations 
were urgently required, but from where?   

6. Background rejection algorithms then in use, largely based on intuition.

7. Funding  sources urgently needed - to cover logistics of operation, software 
development & post-doc support. 

Among the many unresolved issues -

8. Very small team – required expansion to stand any chance of achieving a  
successful outcome. Hillas 2018 13



Ellipses – crude fitting and linear interpolation - beermats

100 GeV Gamma
100m West of CT

100 GeV Gamma
50m North of CT

Simulations, limited in number
& fluctuation-dominated in the 

angular distribution of light.

Poor alignment of shower
major-axis with arrival direction.
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1984 - a serendipitous event  ….

Back-of-envelope treatment demonstrated vividly shower pointing & narrowness as 
properties almost certainly of value as gamma-ray selection parameters.   

Presentation at Steward Observatory on Cygnus X-3 (non-Whipple related).

While in Tucson, and following some quick estimations, he made a brief informal  
presentation  to Whipple on Cherenkov light from 1011 to  1012 eV showers.

Sometime before the visit, Hillas had been busy simulating Cherenkov light from
1016 to  1017 eV hadronic showers. 

The Hillas shower TeV simulations (noise-free) demonstrated clarity and elegance
& elicited enthusiastic responses from the Whipple group.

Very encouraging indeed, given the complex set of interdependent technical issues 
& conflicting sets of simulations compromising Whipple progress at that time. 

AAS invitation to Michel Hillas to visit Tucson (invite initiated by Trevor Weekes).
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So, intrigued  … 
Michael Hillas returned to Leeds and began informally to simulate Gamma 

and Proton showers [1011 to 1012 eV]
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Assumptions underpinning the Hillas simulations :-

1. Hadron cascades:  at TeV energies, a scaling model is sufficient.

2. Electron-photon cascades:  follows particles down to 0.05 MeV, thin- sampling        
employed for particles below 1/4000th of the primary energy.

3. Light detected by 37 tubes in focal plane – Zones 0,1,2,3. [ 1, 6, 12, 18 tubes ]  

4. Finite mirror diameter accounted for - 10m, in that rays from a particular 
radiating track falling on different parts of the mirror, not considered parallel. 
However, bundles of rays within +/- 0.03 deg  are grouped together. 

5. Mirror focus – paraboloid, all incident rays from common direction reach a 
common point in the focal plane. PSF of 0.05 deg, ignored as too small to matter.

6. Geomagnetic field 0.50 gauss, dip angle 59 deg, altitude of observatory 2308m, 
with Poissonian fluctuations assumed in conversion to photoelectrons.
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1984 [May 8th] Photon simulations, C-light        Prog EMHCMH
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1984  [May 30th] C-light - 37pixel Gamma-ray  light patterns.
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1985 [Feb 27th] Simulating background        Protons & Nuclei
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ditto ….
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1985 [March 30th]  Simulations and Parameter investigations
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1985 [March 30th] …

Rough overview sketch of 
Gamma and Proton image
simulations.

Vertical and 30 deg,
shower incidence.
Zones 0, 1, 2 

For each parameter, 
boxes show +/- 1 sigma 
range around mean.

W Width
L Length
Fr2 % sig in 2 largest pmts
M Miss
D Distance cog  (centroid)        
from center of fov (degs).
Z Distribution in zone 
containing peak signals.

W
L

Fr2

M

D

Z
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1985 [March 30th] …

Comparison of simulated 
background proton 
images
with parameters from 
observational Run 873 

+/- 1 sigma distributions
about mean are plotted.

Michael Hillas notes –

Until a sample of showers 
enriched in gammas can 
be obtained, this is the 
best evidence in support 
of the simulations 
reproducing the physics
of the real situation, 
hence providing 
confidence in selection.

data

sim
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1985 [May 11th] Software improvisation & flagging trouble.
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1985 [May 11th]
ZONE 2

Comparison of  REAL
data images with 
simulated proton 
images - Vertical 

SHOWER SEL.
At least 2/19 > 40 pe
TOP: Total sig > 10 pe
BOT: Total sig > 500 pe

TUBE REJ. < 2% of raw 
total signal eliminated.

Michael Hillas notes –

Concentrated images -
(large values Frac(2) ) 
less prominent in REAL
than in simulations –
tube noise spread ?

W

L

M

Fr2

D

AzW
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1985 [May 11th]
ZONE 2

Comparison of 
SIMULATED GAMMA 
images with SIMULATED 
proton images - Vertical 

SHOWER SEL.
At least 2/19 > 40 pe
TOP: Total sig > 10 pe
BOT: Total sig > 500 pe

TUBE REJ. < 2% of raw 
total signal eliminated.

As Michael Hillas happily 
noted –LARGE separation 
in image characteristics 
between simulated protons
[E-2.65 dE] and center of 
fov simulated gammas, 
[E-2.25  dE]

W

L

M

Fr2

D

AzW

Hillas 2018 27



W

L

M

Fr 2

D

AzW

“CHERENKOV LIGHT 
IMAGES OF EAS 

PRODUCED BY 
PRIMARY GAMMA 

RAYS AND BY 
NUCLEI.”

Proc. 19th ICRC, La Jolla 
V3, 445, 1985

CANONICAL  
IMAGING 

PUBLICATION OF
Michael Hillas -
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WHIPPLE 1983-1985:  Scientific accomplishments - modest.

Proc. 19th ICRC, La Jolla 1985, V1, 131, 1985

250 hrs total of high quality exposure. Main sources monitored were Crab Nebula (43 hrs); 
Cygnus X-3 (101 hrs); Her X-1 (30 hrs); M31 (16 hrs).

Orientation cuts were un-productive, but a simple shape cut was promising.
Frac(2) = (P1 + P2) / ( Sum over 37) > 0.75 /

706 excess cut events in 2032 min;  ~ 1 event every 3 min

Hillas 2018
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WHIPPLE 1983-1985 data  …  formal Hillas-based analysis

Hillas 2018 30Very discouraging



…………………………………

2nd July 2014
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1983-1987 data 
Hillas

Parameterisation
of Whipple Crab data
with 37 pixel camera.

Eventually, based on
a combination of 183
data scan pairs, both 
shape & orientation 
were successfully  
employed in the 
establishment of a 
7.59 sigma effect.   

91 hours exposure on
Nebula,  E = 0.6  TeV
with a detection rate 
of 6.4 gammas hr-1

7 years after 
construction of the 

Whipple imager 
commenced. Hillas 2018 32



Finally, in 1989

– with the 37 pixel camera a
9 sigma detection of the 
Crab Nebula was  achieved, 
based on Azwidth cut, with  
E0 > 0.7 TeV.

175 ON/OFF data pairs
taken exclusively during 
1986-1988 with a very 
stable camera setup - Hillas
parameterisation resulted in 
an 8.91 standard deviation. 
14.2 excess events hr-1

F=1.8 x 10-11 ph cm-2 s-1 

Azwidth (Zones 1&2) rejects 
> 98% of background signal 
content.

Excess candidate Gamma-ray 
events in the ON source 
data of order 15% of total 
OFF source cut data.

Ap J 342. 379, July 1, 
1989
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CANONICAL Crab Nebula detection



1989 … COLLABORATION MEETING, MAYNOOTH, IRELAND
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1986 - INHERENT high resolution attainable 
with a 10m reflector, Hillas & Patterson

NATO DURHAM WS p243 - [Editor K.E.Turver]

Gammas Protons

Making the case for camera configurations 
of finer pixel density, despite the cost 
implications – 37, 61, 91, 127, 169, 217 ….
Photon and Proton simulations in 4o fov, 10m 
displaying every photoelectron. Light from 
muons ringed.

1986    HERCULES – A new instrument for 
TeV Astronomy, Weekes, Lamb &  Hillas

NATO DURHAM  WS p235 - [Editor K.E.Turver]

Improving sensitivity of Whipple’s existing
10m instrument through construction of a 
2nd 10m class reflector … 193 pixel cameras  
[inner 169 tubes with with separation of 
0.25 degrees] with camera fov 4.75 deg.].

BACKTRACKING …
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1988 - Whipple upgraded to a 109 pixel camera based on  
detailed analysis of noise in the PMTs by Michael Hillas.

Inner core of 91 x 29 mm tubes set in  2.5 degrees 
hexagonal close packed array, outer 18 tubes of  50 mm.

To infill the complete 3.5 degree fov with 271 tubes, was 
an obvious aspiration, but was unrealistic in terms of cost.

Out-riders …  6 x 1.5 m mirrors – an independent trigger. 

Whipple’s
High Resolution Camera

(HRC)
inaugural operation

April 1988
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1988–1989  &  1989-1990 :   HRC  Crab Nebula observations. 

K-factors for Zenith angle scaling of 
Hillas parameters, Zones 1 through 5 

New Gamma-ray selection algorithms 
applicable only in Zones 2,3,4,& 5 
i.e. max tube signal for each image 
must be in one of these zones.

New Gamma-ray domains evaluated for the
HRC by Michael Hillas from his Simulations.
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5.1 sigma Raw data excess

20.0 sigma Azwidth
based detection

107 excess events hr-1

Flux 7.0 x 10-11 ph cm-2 s-1 

from within the Nebula

No evidence of 33 ms
Pulsar periodicity.

On-axis source angular 
resolution demonstrated 
to be +/- 0.1 degrees
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Spectacular response

109 pixel camera

Exposure time
1808 min
65 x 28 m scans

107 excess 
gammas hr-1

Coll Area
4.2 x 108 cm2

S/N improvement
of 3 to 4 over
37 pixel camera

0.4 to 4.0 TeV
Energy range
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IT requires – 3/4 > 
threshold in 
coincidence.

singles rates 1 kHz. 
Integrates light 

across full fov and 
is biased towards 
BROAD showers.  

10 m trigger, 2f pixel 
coincidence - trigger 

bias towards
NARROW showers 

that
Azwidth picks out at

analysis stage.   

Consistency 
check on 38 data 

pairs.

IT trigger vetos
HRC, so no 

double-triggers

No bias in 2/91 
trigger system 

since 5.64 sigma
signal observed in
Azwidth selected
IT trigger data.

Hillas 2018 40



So, gradually …  REAL SCIENCE BEGAN TO  EMERGE -

Hillas MCS employed - linking integrated image event sizes (photoelectron summation) with a 
primary Gamma-ray spectrum.

Events constrained to Azwidth < 0.16 deg and Distance values between 0.68 and 0.95 deg. 
Usefull dynamic range of energy spans  0.4 to 4 TeV. [Diff index -2.4 +/- 0.1]. 

6933 – 4734 events
Bin width 100 pe

(ON-OFF) difference clearly flatter than OFF distribution in size.  [Diff index of background -2.7].

Best estimate of source spectrum:  N(E) x dE = 2.5 x 10-10 (E/0.4 TeV)-2.4+/-0.3 ph cm-2 s-1 TeV-1 

… above 2 TeV excess is 8 sigma significance; above 4 TeV excess is 3.2 sigma.

Compton model best fit to the quoted spectrum?Hillas 2018 41



EXPERIMENTAL integral photon flux Crab Nebula and pulsar, c 1990.

Compton models
Compatible with ambient
B = 3 x 10-4 G
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Leeds, sometime in late 1990’s, Dick Lamb’s retirement.
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TeV LEGACY – some of the stuff of this meeting.

Hundreds of galactic and extra-galactic sources populate an
amazingly bright and diverse Cosmos at TeV energies.

Ground based techniques  contributing to investigation & probing
of particle acceleration  mechanisms in violent astrophysical environments. 

A rich observational source harvest, stimulating theorists to explain acceleration 
mechanisms and source dynamics.

Few contributors have been as
influential in both the experimental
and theoretical aspects of the 
TeV discipline as has Michael 
Hillas. His style is beautifully 
epitomised in his 2013 review of 
the early days, written in a most
self-effacing manner by the 
master whom we celebrate here.
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What a collaborator, thank you Michael.


