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SU11111ary 

We have constructed a large-dperture ring-imaging 
Cerenkov ccunter, intended to i den ti fy high momentum 
hadrons in a high pt experiment at Fermilab (E605). 

To date we have performed a preliminary· dnalysis on a 
Small subset of our data, taken during the initial 
opera ti on of our counter (Apri 1-June 1982). ·,..i~ have 
obtained ~/K separation with good efficiency from about 
60 GeV/c to 120 GeV/c in momentum under high luminosity 

honditions (~5 x 109 protons/second on target). Approx
imately 84~ of all single-track events having at least 
One detected photon have been unambiguously identified. 
Cerenkov photons were detected by a multi-step ava-
1anche chamber via the pnotoionization of triethylamine 
(TEA) vapor, and a ~ean number of 2.8 photons per event 
was detected for the highest velocity particles. rm

provements in photon re~onstruction are e~pected. 
espec"fally JS we refine our tracking procedures. 

Experimental confio~ration. Figure 1 is a diagram 
of Fermilab Experiment 605. Our Cerenkov counter is 
separated from the target by two spectrometer magnets 
(total kick ·.6 GeV for this data) which help reduce 
particle fluxes at our counter. ~.·e accept particles 
over a wide angular range (=60 mrad vertically). Had
ronic trajectories ;.1cre selected using our calorim-?ter 
sys.tern ar.d tracked by our chamber system. 
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Cerenkov Counter Description 

~adi a to:r vessel 

The design of our Cerenkov counter is based upon 

a successful prototype1
. 1.Je used pure helium as the 

radiator gas in order ta limit chromatic dispersion. 
The radiator vessel is a thin-walled (3/32 inch) al~
minum (6061-T6) box. All perm~nent joints in this 
structure were welded, taking care to avoid pinholes. 
No.n-permanent joints (at the detector and mcni tori ng 
ports·) 1·1ere sea led with vi ton 0-ri ngs. Structural 
strength · ... as provided by aluminum channels and I-beams 
exterior to the vesse1. The side walls were allo1;ed 
to flex under pressure changes without cracking any 
welds. The vessel is 15.2 m long and 3.1 x 2.8 m2 in 
c~oss section at it5 widest point (near the detectors). 
The length is sufficient to obtain about 6 detected 

photons from one particle1• assuming 100~ He transmis
sion, and the cross section was chosen to contain all 
trajectories of experimental interest. 

The vessel has t.·:a detector ports, one on each 
side. Far this initial run, only one port was used. 
The ports are located outside the experimental aper
ture, rnd so only Ceren~:Qv photons are seen by the 
dete.: tors. 

Our paramaunt concern in cans. true ting the Cerenkov 
vessel was that the helium radiator gas should not be· 
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~ome contamin~t~d. Sinte purity better than 1 ppm is 
~equired against some contaminants (oxygen), care was 
taken to eliminate all materials from the vessel other 
than aluminum, steel, viton. glass, MgF2, and CaF 2• 
The.vessel was cleaned with freon~ flushed with nitro
gen gas and baked at 100 C for 48 hours before filling 
with pure helium from liquid boiloff. 

The radiator gu was maintained at room tempera
ture and slightly above atmospheric pressure. For 
typical running conditions, the mean index af refrac-

tion was n2-t = 72.0 x 10·6 , givin9 a threshold yt = 
118. This translated into threshold momenta of 16 
GeV/c for •'s, 58 GeV/c for K's, and 110 GeV/c for p's. 

Gas ourification system 

The photon transmission of the He gas was main
tained by reci:culation through J purification system~ 
As~ the gas enters the purifier it is mixed with a 
small amount of hydrogen and put through a Oeoxo cata
lyzer (Engelhard Systems, N.J. ). The gas then passes 
through a dryer and a lfquld nitrogen cold trap, '"'hich 
extract and freeze out gas impurities.- Ga.s purity was 
monitored using a UV light sour:e 1 , and the gas trans
missi.on was measured to be about 80~, a value somewhat 
lower than ariticipated. Flow rate through the purifier 
was approximatEly two volume changes per day. 

Mirrors 

The full mirror assembly consists of a 4 x 4 
array of mirror segments, each a 25 x 26 in2 rectangle. 
For this initial run, only 8 of the mirror segments 
were available. These seg~ents were placed ln the two 
central colu~ns of our array, subtending an area 
52 x 100 in2 (half the aperture!. Both mirror columns 
were focussed or.to the right (as seen by an incident 
proton} detector port. 

We used the largest segments available consistent 
with good reflectivity at 1500 angstroms. Each seg-
ment2 was ground from a 7/8 in~h thiCk blank of an
nealed plate glass to a spherical radius of 16.00 =0.02 
m. The surface .,.;as polished to an rms roughness less 
than 30 angstrac.s. 'he figure 'ccuracy of the spheri-

2 

cal su~face ,,;as better than 20 urad (error in the "nor
r:1al) over any 18 c:n diameter clrcle. The sphericdl 
surfaces 'tiere coated with aluminum and MgF

2 
to attatn 

a reflectivity of 75~ at 1500 angstroms. 

Th~ ir.irrl'Jrs were hung from above usfng piano wire. 
Adjusunents in mirror orientation were made from be
hind, relative! to a light aluminum grid. The mass of 
this grid is ~Jstly located in the mirror gaps tn an 
attempt to keep th~ mass dist1·ibution uniform across 
tr.eo mirror St,.:rr'ace. Each mirror segment is held in 
it:; own aluminu;n frame, cushioned by viton. 

The mirrors 'tiere aligned visually to :tl cr:i accur
acy in image position on the detector plane. Our sys
tem is self-calibrating using particle tracks 'tilth 
three or more photons. Each mirror was independently 
aligned so that ring images from adjacent mirrors· 
w@re non-overlapping. ihis ls done to minimize confu
sion in ~int reconstr:..:ction_ :·~irror alignment angles 
were chosen so as to minimize the necessary detector 
area required to see trajectories over the whole 
aperture .. 

Calcium fluoride window 

The window assembly separating the radiator oas 
from the detecto~ gas was a 4 x 8 mosaic of CaF 

crystals, each 10 x 10 cm2 in area and 4 11111 thi~k. 
Eac.h crysta I was glued ta a heavy brass frame-, whose 
thennal expansion properties were similar ta those of 
the crystals. The frame was maintained at the same 
voltage as the first grid of the detector to minimize 

· electrostatic fnstabilfties. The tranSllisston of the 
crystals'wes typically 701:. 

Photon detector 

The photon detector was a multi-step proportional· 

chamber with a 40 x 80 0<1
2 active area. Figure 2 

shows schematically the CaF2 window, the conversion. 

oreamplification, and transfer gaps (made of stainless 
oteel grids), the proprtional wire chamber, and an 
external double mylar window. This structure was simi
lar to that of the smaller prototype detector de-
scribed previously 1' 3 
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Sp:!cers were n?ce'Ssary in the p,; gap to maintain 
:..;niform gap thickness and t!:us avo1d huge increases 
1n gain in the center of t~e chamber d~e to electro-

static attra 1.:tion of tr.e two aridsJ· 4 . ihree care
fully mJchined fiber-glass spaC.ers 1·:ere used. with 
mylar guard rings. Sa.in variations o.ere less .than 50. 

The proportional cna:71ber anode p1ane consisted of 
192 verticc.l 20-micron diai:l.eter wiri?s s1Jaced every 
2 rmi. The cathode ·,.tires were oriented at !'45 degrees 
with respect to :ne anodes. ~ach cat.-:ode contained 
2 x 334 50-mi cron diameter ·,'ii !"ES spaced every l irm. 
The ch2mber ·,.,·as operatea with a He(97 );TEA{J.,) gas 

:oiixture at a gain of about 107• 

Readout system 

The anode and cathode wires \·•e,..e read out every 
2 rrm into LeCroy 2280-series 12-bit AOC's. The Lecroy 
ADC system is control led by a processor module Hhich 
automatically performs pedestal subtraction and data 
compression. The processor data was read out via 
C.l\MAC into an on-line POP 11/45 computer. On-line 
monitoring of the detector was performed vio the 
Fenni lab MULTt soft\-zare p-~~kage. 

. ' ! ! ! l 
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E.!s..:...1· An off-line display of a 5-photon K 
event. Cachode pulses are seen angl~d in the lefc and 
rigQt margi.rs.s. and anode pulses at the Cop. The re
constructed photon positions are iodicated by *'s, 
and the prplic.ted ring center by +. 

Particie Identification Procedure 

Pulse height infannation from the AOC's is used 
to measure the coordinates of each Cerenkov photon. 
Cathoae pulses are spread over 5-6 AOC channels, and 
a center-of-gravity method is used ta find the pulse· 
center. Anode pulses generally cover a single wire. 
The poir:t reconstruction algorithm searches for 
cathode-cathode-anode triplets. rejecting ghost trip
lets by requiring approximately equal ampiitudes in 
all three planes. 

The particle track. is defined by t\·10 sets of 
drift chambers on either end of the Cerenkov vessel 
{fig. 1), and the mnmentu~ is calculated from the 
particle trajectory. 'r:e calculated 3 r.adii from the 
momentum, one for each part~r:le type hypothesis, 71', 

K, or p. Then, for each mirror capable of intercept-
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1,19 ano reflett1ng ohotons: from the part1cle, a r1ng 
center lS calc1Jlated on the detector plane. n1s 15 
done by trea::ir:g the particle trajectory itself as if 
it were a photon: its path is traced to the mirror 
surface. the11 reflected onto the detector p1ane. ·/jnere 
it define:. the ring centei"'. ~le then measure ~ ..... e 
distance bet1·1een each photon candidate pOint ano each 
calculatej rir.g center, and try to find a set cf raaii 
consistent wi~h one of our particle hypotheses. 

Effects of riberracions 

The asyrrmetric geor;;etry of our current seto.;o 
introouce:; various aberrations. One effect is the 
di:s.tori:ian of the rir.g in;age from a circle to an ao
prox.imate elliptical shaoe. The amount of distsrtion 
varies frc"7', mirror to mirror, and depends u:;on ::he 
photon trajectory, but can be calculated: fer each 
event, p:ovided the particle track is kno;.;n. Th~ 
aifference bet ... :een major and minor axes is no \·:orse 
than l.~~. ~nd can be corrected by the photon 
reconstruct1on program. 

Another problem arises from the long radiator 
length: photons emitted at various points along a 
particle's trajectory do not come to a well-defined 
focus. The best tt.at can be done is to place the 

detector at the circle of least con.fusion5, where we 
obtain the _optidum average focus. The ring images are 
also astigmatic: they are out of focus at points near 
!he major and minor axes of the ellipse, and in focus 
at points in between. 

For the set of mi rnirs on the same s i ae of the 
apparatus as the photon detector, ti. astigmatism is 
very small and produces a typical uncertainty in ra
dius of :0.07~ nns. The mirrors on the away side 
generate a larger astigmatism~ and their ring images 
have uncertainties in radii of typically :0.37' nns. 

When the second detector and the full complement 
of 16 mirrors becomes available, a more synmetrical 
ar."angement of mirrors and detectors will result in 
reducing the uncert3inty due to astigmatism to !0.07~ 
for all mirrors. E'len so, the astigmatism in 'the 
current run is tolerable with respect to particle 
identification. 

Chromatic discP.rsion. Chromatic disperslon arises 
from the depender.ce of the helium index of refraction 
upon photon energy9 and generates an rms uncertainty 
of ±0.7: ln the radius. This effect can be reduced 
by adding about 10~ CH4 ta the chamber oas, ·•nkh 

absorbs higher energy photons 1 •3 

Pressure and temperature effects. The index of 
refraction also aepenas upon pressure and temperature 

as n2-1 = p/T. The temperature at various points 
within the Cerenkov vesse 1 were measured by thermo
couples. We observed a non-uniformity in te~oerature 
within the ~essel. The observed rms uncertainty in 
temperature was ±0.9 K~ causing an uncertainty ·;n ring 
radius of !0.15:. ~hile bath pressure and temoerature 
fluctuated over the course of a run, the ratio p/T 
tended to re1rain roughly constant. and the drift in 
radtus O'ler the course of a run of severa 1 hours 
duration 1-1as on the order of 0 .OJ::;. 

Th~ sum in quadrature of all the above effects 
gives an uncertainty of =:0.78-, in radius. For a pion 
having a radi.us of 68.0 rr:m. this .is an uncertainty 
of !0.53 ""'· 

Ottier factor~. 7he t>':o other major factor~ in
fluencing radiu~ resolution are the uncertainties in 



cJ1culatilig the ring ce~ter d~c t2 trac~i~g ~~~~rtain
ties (involving drift c~amber resolution and survey1ng 
error~). and the inherent resolu:io~ of the ffit.;lti-step 
chamoer itself. Identification cf one- and two-photon 
events is ooviously crucially de~enaent uoo~ the care
ful measurement of the ring cen:er, 1~hereas three- or 
\i\Ore-· pr,otJn ever.ts ha\'e actua 11y ~~e.n used ~:: ·:1J:-r1?ct 
our survey data, inpartic.u1ar tr,e m~rror a1ignner.t 
c:ng!es. 

Preliminarv ~nalvsis Re~ults 

The track reccnstruction ;rc:eaures for this ex
periri-ent are still in a develop.~::in:al stage. :-'2nce, 
track~ng uncertainties cc~pletel/ :.:!c.;iinati:: Ot.;r errors 
at t.11is ti~e. and all resuits ::t.:.teJ belo1·: are ;:.relim
ir.ary ar:d are e;.i;pected to ir.:pro 1•c ,,.,.ith ~r;i~raverr.P.nts 
in trcck reconstruction efficier:~y. -

Nu~Jer of Photons 

The mean number of photons produced by a particle 

is proportio~al to sin2 cc, where ec is the Cerenkov 

angle. For the detector to be effective, :he mean 
nu~bet of Cetecte1 photons must :e ~igh eno~gh so that 
the prcbability of an ever.t ger.er2ting zero ohotcns is 

·small; ::in the other hand, the mean r.umoer of detected 
photo:is must be loH enough so th.J.t re.-:onstruction 
efficiency aces not become crippled by inability to 
separate many overlapping coordin2tes. fn our appli
cation, about 5 or 6 photons per event is the optimal 
situation, and we have desi'gned our counter with this 
nlJDber of photons as a goal. 
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lie have measured the.mean number of photons from 
identified pions, all of which have radii near the 
maximum, to be about 2.8 per event. The number of 
photons fits a Poisson distribution rather well (fig. 
4), and extrapolation gives the result that about 6:, 
of the pions are lost because of zero photons. The 
reasons for the Tower than expected ntm1ber of photons 
is under study. ~e are aware that the relatively poor 
helium transmission is a factor. 

'lf-K Separation 

Kaons have·been identified with a mean number of 
photons equal to 1.8 per event. Looking at a scatter 
plot of radius vs. momentum (fig. 5), we see a·cleor 
separation between the •-K bands cut to 120 GeV/c. 
A few proton events are also observed. The width of 
the • peak as seen in the radius distribution of fig
ure 6 is about 4 11111 Ff/HM. Reduction of this width, 
which will become possiOle ~ith improvements in track
ing and surveying, will enab1e rr-K separation at 
higher momenta. 

Particle Identification Results 

Table I su11J11arizes the particle identification 
results over a vari~ty of runs, including data from 
Be, Cu, and W targets. ihese events required a hadron 
calorimeter trigger threshold eoergy of about 50 GeV. 
We have so far analyzed only single-track events; we 
plan to reconstruct multi-track events at a later 
stage. The ~ajar probl~m of multi-track events is the 
problem of disentar.gling overlapping ring images from 
different P•"ticles. 

Fer the sin91e hadron sample, we have unambigu
ously identified 83.6·; of the events havir:g one or 
more photons. B~th positive and negative hadrons have 
been identified. 
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!!&.:......i· Radius discributioa for events in the 
momentum band 60<p<80 CeV/c. 

Zero-photon e~ents. The large number of zero
photon events 1s found to be consistent with the ex~ec
tation of a large number of below-threshold protor.s. 
An estimate of the contribution of n's and·K'~ to the 
zero-photon sample is calculated as a function of mo
mentum, based on the observed mean number of photons.· 

We find the rr+/K+ ratio. including the estimated con
tribution for e•1ents lost due to zero photons, is 
roughly constant with total momentum and is approxi
mately equal to 2. After ~ubtracting the ~-K contribu
tion to the zero-photon sample, we find the ratjo 

~+/p to be approximately 1.2 and constant over a momen
tum range 6QC!QO GeV/c. Both observed ratios are in 
rough agreement with measurements by a previous 
experiment6 . ~le find that from about 75 GeV/c up to 
proton threshold at 110 GeV/c. zero-photon events can 
be interpreted as protons with 80~ or better confidence. 

5 

Ack.now i edgments 

The authors wish to thank the staffs of Stony 
Brook, Saclay, CERN, and Fennilab for their technical 
expertise. This work was supported in part by grants 
from the National Science Foundation and the Depart
ment of Energy. 

References 

1. G. Coutrokon et. al., 'IEEE Transactions· on Nuclear 
Science ~S-29 (1982) 323. 

2. purchased from Muffoletto Optical Co1111>any, 6100 
Everall Avenue. Baltimore, MO 21206. 

J. R. Bouclier et. al., CERN-EP/82-83, subm;tted to 
N.l.M. 

4. J.R. Hubbard et. al., N.I.M. 176 (1980) 293. 

5. see-. for example, F. denkins and H. ~~hite. Funda·-
mentals of Ootics, McGraw-Hill (1957). --

6. H. Jostlein et. al., Ph.y. Rev .. 020 (1979) SJ. 


