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E,periment 705 at F d  National Accelerator Laboratory has designed, built, and operated 

a large acceptance, highly segmented electromagnetic shower calorimeter using SF5 lead glass, 

SCGI-C scinnnnIlming glass, and two rypes of g a s - b a s e d d  hodoscopes. The calorimeter 

was used to r e ~ ~ ~ m r C t p h ~ t ~ n s  and electrons with energies rungingfrorn a fm GeVIc2 w over 

100 GeVlcz in 300 GeVlc pion and proton interacrions on a Iithiwn target at instantaneous 

interaction rates approaching several MHz. Connruction deroiLF ofthe calorimeter are given The 

readout electronics, calibration, and algorithms used to reCONmUT the positions and energies of 

showering panicles are discussed. Energy resolution, position resolution, and reconstruction 

eficiency are assessed using both calibration electron beams and electrons and nO mesons 

reconstructed in 300 GeVlc interactions. 



1. INTRODUCTION 

Fermilab Expriment 705 [ I ]  used interactions induced by 300 GeVlc hadrons on a lithium 

target to accomplish two primary physics goals. both of which demMdcd the efficient and accurate 

measurement of photon energies and production angles, as well as off-line identification and 

rejection of photons from the decays of ncuual mesons, mainly JC'J and qo. 

The reconstruction of the radiative decays of the ~ ~ ( 3 5 1 0 )  and ~ ~ ( 3 5 5 5 )  states of 

channonium demanded excellent photon energy resolution at relatively low energies. -2-25 

GeVlcZ. The acceptance of thc photon detector had to be large enough to accept a reasonable 

firactionofthcphotonsfmnthcradiarivcdecay 

X -> JN(3097) + Y 

The majority of photons, even in events containing a radiative x decay, arc associated with Ro -> 

n: and had to be eliminated off-line. Since low energy f l s  can have large opening angles, this 

n q h e n t  puts further demands on the geometrical axeptancc of the cabrimem. 

'Ihe other major goal of Expaiment 705 was the measurement of dircct photons, so called 

because they arc believed to emerge directly from thc scaaaing of hedronic constituents, and not 

from the decays of other particles. To measurt direct photons effectively, photons with nansverse 

momenta greater than about 3  GeVIc and a large range of laboratory polar angles had to be 

properly reconstructed. Thc implied photon emgy range for Expuiment 705 was 10 < E < 200 

G ~ V I C ~ .  Position resolution had to be sufficient to distinguish between high energy single 

photons and closely spaced pairs of photons from the decays of high energy I p s .  

Ihe calarimctcr cksdbcd in this paper p d  an area of -4 x 2 m2 at a distance of 10 

meters from thc expuime.ntal target. It employed ova 400 sciutilhhg and lead glass blocks for 

detection of most of the cnagy of showaing particles, and two highly scgmcnoed gas tuk devices 

for position detcnnination of electromagnetic s h o r n .  Thc nlMivcly long time scale of the run 

(-8 months) required a schedule of regular calibrations as well as accurate monitoring of changes 

in electronic gains and pedestals. To keep changes in the gains to a minimum required low 

radiation damage and excellent temperaam stability. Finally, to collcct enough events of interest, 



r 

interaction rates approaching 1 MHz were needed, and a special system of readout electronics was 

devised to handle high inmection rates. 

Figure 1 is a top view of the Experiment 705 electromagnetic shower calorimeter. The 

beam direction is indicated by an arrow. Most of the energy of a showering electron or photon 

was deposited in the Main Amy glass blocks. Depending upon which part of the calorimeter a 

panicle entered, showexhg began in the Active Converter glass blocks (divided into front and rear 

pmions) ar the layers of the Lead Gas Calorimeter (LGC). Transverse shower positions were 

m c a s d  in a coarse manner by the division of cnergy beoveen the blocks of the Active Converter 

and Main Amy, and much mcne finely by the LGC and Gas Tube Hadoscope (GTH). The entire 

calorimeter was housed in a movable structure so that during calibrations each main array block 

could be centered in a calibIation beam of e l ~ n s  or posimns. 

2 .I The Main Array 
r 

A beam view of the 375 cm x 195 cm Main Array is shown in figure 2. A 30 cm x 15 cm 

central hole allowed beam particles which did not interact in the experimental target to pass 

through without depositing energy in the calorimeter. Two types of glass, SF5 lead glass and 

SCGlC scintillating glass, the properties of which arc shown in Table 1, were used in the Main 

Array. In the Main Array central region, 7.5 x 7.5 x 89 cm3 and 15 x 15 x 89 cm3 SCG1-C 

scintillating glass blocks [2,3,4] were used. These blocks w m  20.9 radiation lengths and 2.0 

nuclear absorption lengths (for pions in the energy range 30-200 GeVIcz) deep in the beam 

direction. In the outer region of the Main Array. SF5 lead glass blocks 15 x 15 x 415 cm3 were 

used. The SF5 blocks were 16.8 radiation lengths and 1.0 nuclear absorption lengths in depth. 

The SF5 and SCGl-C glass convened some fraction of the energy of showering particles into 

light, which was then collected by photomultiplier mbes mounted on the nar surface of each Main 



Amy block. Each Main Array block was wrapped in aluminii  mylar and black tapc to keep wt 1 r 
suay light. \ 
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The light collected in lead glass is Cercnkov radiation from the electrons and posims in 3 
an elemmagnetic shower. The photomultiplier tube charge pulsts due to Cmnkov light are 

narrow (-20 nstc), making lead glass ideal f a  high-rate applications. However, radiation damage 

can cause lead glass to darken, limiting the amount of light collected for a given &posited energy. 

Two kinds of light are produced in SCG1-C in response to clcclromagnetic showers: Then is 

Cmnkov radiation as in lead glass, although in SCG1-C the radiator is barium oxide instead of 

lead oxide. There is also scintillation light from the excitation and relaxation of cerium oxide. 

(Cerium oxide also shifts the Cerenkov light to lower frequencies where it is more efficiently 

mnsmitad by the glass.) About 5.1 times the light for a given partnt panicle energy is available in 

SCGl-C relative to SF5 [2,3]; this leads to an improvement in the intrinsic energy resolution for 

SCG1-C by reducing the photon sampling fluctuations by a factor of about 45. 

In addition to its improved light yield, SCG1-C was found to be about 150 times as 

resistant to radiation damage as SF5 glass [4]. For this reason, the SCGlC blocks were placed in 
- 

the cen- region of the Main Array, where most particles produced in interactions in the J 
expuimcntal target enter the calorimeter. 

22 Active Convener 

Figure 3 is a beam view of the Active Converter and LGC The East and West Active 

Convc~crs were sets of 30 SCG1-C blocks with dimensions 7 5  x 7.5 x 97.5 cm3 arranged in 

columns two blocks high and two blocks dcep (15 cm). The West and East Active Conveners 

covered &c Main Array regions x > 52 cm and x < -52 cm mpwtively, where the horizontal and 

d c a l  (x and y) origin of codhates  is ddincd to lie along tbe beam axis, which passes through 

the center of the beam hole. The scintillating glass in the Active Converter represented 3.5 

d a t i o n  lengths and 0.3 nuclm absorption lengths in the beam direction. Thcn was a 1.3 cm 

thick steel pre-radiator upsacam of the Active Con-. The blocks in the Active Convwtc~ wm 

wrapped in the same way as the Main Array blocks. Bawecn the Active Converter and the b n t  

face of the Main Array thm was a 14 cm gap, occupied by the GTH. 3 
4 



The Active Converter (plus the pre-radiator) served three purposes: The thickness in 

radiation lengths was sufficient to begin the showering of most photons and electrons. In 

P addition, the SCG1-C glass allowed the measurement of the energy of the initial part of the 

shower. Finally, the division of the Active Converter into 7.5 cm wide columns gave a coarse 

shower position measmment in the horizontal dimmion. 

Like rhc Active Converter, the Lcad Glass Cabrimem or LGC [5] smed as shower suuoer 

and as an energy and position measwing device. Because the small-angle region occupied by the 

LGC was mon highly populated with showers, the LGC had to have a bier degree of spatial 

segmentaka than the Active Converter. 

The LGC was a 103 cm x 195 cm eight-layer sampling &via covering the central region 

(1x142 cm) of the Main Array, as shown in Figure 3. A section of the LGC viewed from the top 

is shown in Figure 4. 

Each layer of the LGC contained a row of extruded aluminum sheets forming thne-sided 
r\ tubes. Thincm eight-tube extrusions @ASCO Corp., Phoenix. Arizona) were placed together to 

fonn a single panel. A 0.05 cm sheet of resistive PVC (not shown in the Figure 4) formed the 

fourth wall of the tubes in the panel. The tubes were nearly square in cross section, with 0.84 

cm wall separation and 0.16 cm wall thickness. The tubes had center-mounted 50 miaon diameter 

gold-platcd tungsten wins held at +1.85 kV relative to the tube walls. The transverse win pitch 

was 0.99cm. Signals read out from the tube wires gave horizontal shower position and energy 

information. 

A 0.16 crn thick G-10 board and a 0.12 cm thick lead sheet were placed next to the PVC 

sheet of each LGC layer. The G-10 boards had 0.8 cm wide copper stripes with 1.25 cm pitch on 

the side facing the PVC sheet. The shpes were aligned perpendicular to the tube axes, so that 

induced signals on the stripes gave vertical s h o w  position and energy information. 

The tube row closest to the target was prcctdcd by a prc-radiator consisting of 1.3 cm of 

steel (0.7 radiation lengths) and 0.8 cm of lead (1.4 radiation lengths). The tubes were filled with 
r 

50/50 argon-ethanc bubbled through isopropyl alcohol at 5' C. An input gas manifold insured 
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uniform flow of gas through the tubes. The LGC was -3.8 radiation lengths deep in the beam r 
dinmion. 

The aluminum exmuions defined 104 vettically aligned tubes in each LGC layer. ?he 2 
upper and lowa halves of each tube were instrumented by indqcndcnt wires. The eight wires 

from tubes at the same harizontal posiobon war: ekmmically ganged to form a single signal. 

The copper suipes were divided into two groups. Thc division b e w t n  the lefi and right 

wipe groups is shown as a bold s-shaped line in Figure 3. The snipes nuuea the cenm of the 

LGC in the vutical dimension wue half-length. Sets of saipes at the same &cal anmjinatc 

w= -Y ganB#r. 

Ihc LGC had a central region filled only with argon-ethane, which matched the central 

hole in the Main Awy. 

2.4 Gas Tube Hodoscqpe 

Thc Gas Tube Hodoscope or GTH [q was &signed to measure the positions of showem 

in the region of the cakuimcta covered by the Active Convater. GTH panels 156 cm x 197 cm in 

area wat positioned baw#n the East and West A& Con- stacks and the Main Array, as 3 
shown in Figm 1. The East and West GTH panels each had a 10 cm overlap with the LGC. A 

scctionoftheGTHisshowninFigure5. 

Each GTH panel consisted of two planes of polystyrene tubes. The tubes were m g u l a r  

with inner dimensions 0.73 cm x 1.00 cm. Tubes in the regions x < -85 cm and x > 85 an had 

the dimensions formed by two standard adjacent tubes with the 0.16 cm dividing wall removed. 

(This region is r c f d  to below as the Qubk-tube rcgioa.) Each tube had a center-mounttd 50 

m i a w d i a m c m g o l d - ~ t u n g s t t n ~ .  Thewinpishafatkstandardanddoublcsizealls 

wen 0.88 cm and 1.76 cm ~cspcctively. The same gas mixture as fa the LGC was circulated 

through the tubes. 

The tube planes wae epoxied between three planes of 0.16 cm thick G-10 printed circuit 

bead. The central printed circuit board had blank coppa p h h g  on both sides. and s t m d  as a 

ground plane for the wircs in the tubes, which were held at +I9 kV relative to ground. A 

conducting mixture of graphite powder and Scotch 2216 Amber smKwal adhesive was used to 3 
6 



attach the tubc planes to the ground plane printed circuit board The front and rear printed circuit 
\ 
i '  

boards were identical to those used for the LGC horizontal stripes. As in the LGC, tubes and 

P saipcs at the same horizontal and nrcical positions were e lect roWy ganged, and the wires and 

stripes gave hwizontal and vertical shower position information, respectively. 

2 5  Calorimeter Housing 

The electnrmagnetic calorimeter rested on a table approximately 4 1R m wide and 2 m 

deep, as shown schematically in Figure 6. The stack of Main Array blocks, the GTH, the LGC. 

and the Active Converter stack all rested on the upstream part of fhe table. The. rear of the table 

was reserved for access to the photomultiplier tubes, bases, and cabling. 

A thermally insulated housing surrounded the calorimeter, and a blower and heat 

exchanger system together with the insulation kept the interior temperame from varying by more 

than +9 .5O F, contingent on the exmnal environment not varying by rmn than f F. 

The table was suppuited by four screw jacks. The frame su-g the s a w  jacks rested 

in a pit sunk into the ament flwp of the experimental hall, so that the calorimeter and housing 

P could be moved +1 m vtrrically about the vertical level of the beam. The frame had rollers at the 

bottom, which allowed the entire srmcturt to be moved back and forth f2 m transwrsc to the 

beam dbeaim 'Ihc haimntal and vertical motions were used duing calibration, as described in 

Section 4.3 of this paper. 

Thematoffwhichdrwcthe~talandverticalmotio~~~cwldbcopaatedlocallywith 

hand switches or remotely by CAMAC commands issued by a Motorola W l O  personal 

computer. Encoder chains were used to register the horizontal and vertical positions of the 

calorimeter in 0.05 cm increments. When the table was operated locally, the horizontal and 

vertical encoder readouts were available on LED displays; in remote mode, the positions were 

available h thc VMUlO compum in hexadecimal fonn, in centimeten, or in terms of the block 

number on which the beam was cumntly cenatnd 

Two tilt switches independently registered table tilt about the beam and h h n t a l  axes. 

Out-of-tolaance nadings on either tilt switch disabled the calaimeter motion. 
' P 



3. INS1RUMENTATION AND ELECTRONICS 

3.1 G h s  Electronics 

The 15 x 15 cmz and 7.5 x 7.5 cmz blacks of thc Main Array we= ksUUmented with EM1 

9791KB and RCA 6342A photomultiplier tubes nspactively. The Active Convertff blocks were 

ins-& with RCA 6342A photomultiplier tubes. An optical collplant @ow Caning 92- 

3067) was used to seal the photombe windows and the rear faces of the glass blocks. 

Transistorized basts designed at Fcrmilab wae used on boch types of tubes to minimize sagging 

of the phototube gains at high intuaction ratt. 

A system of LeCroy 1440 pawcr supplies supplied individually adjustable high voltages to 

the photomultiplier tubes. The 1440 system was controlled by a FORTRAN prow Nnning on 

a VAX 1 W8O crmpum. 

'Ihc anodes of the Active Converter and Main Amy pboamulfiplia tubes wuc comead 

via coaxial cables with the inputs of a set of amplificrlADC modules [71 built at Fcrmilab. The 3 
cables used wae RG8U -200 nsec in length, with shorter lengths of RG58 (up to -80 nscc) and 

RG174 (up to -4 nsec) cable used as patch cables and f a  dative timing adjustment. RG8U was 

chosen to minimize losses, dispersion, and noise due to the long cable NILS. The high voltage 

cable associated with each photomultiplier tube was bundhd u c k c  as possible to its associated 

signal cable to minimize the arca of the loop betareen thna Tbe shields of tht signal cables wac 

gnnmdcd only at the inpua of the amplifialADC systan. m d p m d  baps. 

The amplifierr/ADC system resided in three moditicd CAMAC mates, two for the Main 

Array, and oat for the Active Convater. The Main A m y  uatcs coneained 13 ampliticr-ADC 

modulcscach,andtheAccinCon~craoemraincd8module* Thn+ofthcinputchannclsin 

one of the Active C o n v ~ t ~ r  modules wen used to instramtllt the PIN diodes associattd w i t .  the 

LED pulser system described in Section 3.4. 

Each module of the amplifier/ADC system had 16 input channels, each of which 

continuously integrated tbe charge pulses coming firom a single block. The output voltage for a 3 
8 



\ given integrated charge was &termined by the choice of integrating capacitor. A resistor in series 

with the integming capacitor minimized tk rise time of the integrating amplifier output. The 16 

P intcgmted signals on a module en t ad  individual 400 nsec packaged delay lines. 

A di&IMce amplilier continuously subtracted the delay line input voltage from the voltage 

at a 160 nscc tap on the delay line. The difference amplifier output was a train of monopolar 

pulses -160 nsec wide, whose amplitudes were proportional to the energy deposited in the block 

by patides fran each inmaction in the expeximental target The sixteen analog energy pulses from 

each Main Array ampWADC module were sent to a set of TDCs and to a trigger processcn 181. 

A single Charge Controller Card in each crate received triggering pulses just before and 

just after the integrated charge from an interaction of interest appeand at the delay line outpuf and 

distributed these pulses to al l  of the channels in a crate. The "before" and "after" pulses opened 

JFET ekmmic switches to a pair of sample-and-hold capacitors. 

Ibe di&nnces between the before and after capxitor voltages far the 16 channels on each 

module were amplified and digitized in pipeline fashion by a single ADC, so that the digitized 

value from each channel represented the energy in the channel from the interaction of interest 

P The afm-minus-before analog value from each channel was sampled before prtsentation to the 

ADC inpw if the value was less than 1/8 of the voltage comsponding to the full scale of the ADC, 

the analog input was multiplied by 8 before digitization, enhancing the energy resolution at the 

lower end of the dynamic range. 

Each word from the amplifier/ADC system consisted of 16 bin: 12 bits corresponding to a 

single block energy, a single bit indicating whether the x8 multiplication had been puformed, and 

3 bits coarsely digitizing the integrated energy in a block just before the interaction of interest 

These latter three "before bits" were used off-line, to help correct for a shift in the measured 

baseline digitized outputs, as described in Section 4.7. 

32 Position Hodoscope Elemonics 

Signals hm the LGC and GTH were m small to transmit to the digitization elecmnics 

without amplification, and so a system of analog amplifiers were mounted dirtctly on the si&s of 
/4 



the LGC and GTH planes. Signals from the LGC tubes and stripes w m  amplified 5x and 25x f'. 
mpectivcly. 'Ihe GTH tubes and stripe signals wcre amplified U)x and 2Sx rcspcctively. 

52 Ohm RG8U cables 200 nscc in length (and m e  shorter lengths of RG58 50 Ohm 3 
cable) transmitted the amplified signals to a system of LeCroy 22.85 12-bit ADCs. The ADCs 

werc conuolkd by LtCroy 2280 conmllm, which allowed them to be read out in so-called 

sparsified mode. In this mode. a sct of pedestal values wcn  loaded befm data taking. Only 

information fm channels whose digitized ourputs exceeded their pedestal values by a preset 

threshold were written to tape. This technique had the advantage of &cing the number of 

words that had to be written to tape for an event. However, pedestals and thresholds had to be 

carefully monitored during Mming, to make sure that information was not being lost due to 

pedestal drifts. Pedestals werc determined by taking special aiggcrs when beam induced 

interactions werc not taking place. The psd&tals were updated and loaded at least m a  daily. 

3 3  Glass TDC System 

One of the analog energy outputs from each Main Array block was split and sent to a 

simple energy summing trigger and to a system of LeCroy 4290 TDCs [9]. The TDCs w m  run 3 
in common STOP mode. l b  START time for a channel was dnermincd by the time at which the 

analog energy pulse from the corresponding glass ADC channel rose above a threshold. The 

masta uiggcr gaee from the experiment supplii  the caamon STOP signal. 

3.4 LED Pulser System 

Cali-s of the entire calorimeter were Qne &oat ona per month of running. Each 

calibration e s c a b W  gains and pedestals for aU chiumcls ofthe Main Array. Active ConvcRtr, 

andLGCasacplaincdinSecdon4ofthispapa. 

Changes in tht temperature of the photomdtiplia tubes and elcchmics, glass degradation 

duc to radiation damage, and magnetic field changes could dl cause long and short term variarions 

in the gains and pedestals of the glass block channclr. To corrc*. for thest changes off-line, a 

m i o n  LED pulscr system was devised [lo, 111. 

J 
10 



Thc system &lived light pulses of nearly constant intensity to all glass blocks using a set 
L. 

of LED'S. The light was generated by 96 green HP HLMP-3950 LED's driven synchronously by 

P 10 A cumnt pulses with 100 nsu: width. The LJD circuits were mounted on printed circuit 

boards. four channels per board. Each channel had a 6200 pF capacitor, and the % capacitors 

were charged by a common DC high voltage supply to 160 V through 150 kOhm resistors. The 

printed circuit boards were housed in an aluminum box, to shield the outside as much as possible 

from high fresuency noise generated by the large current pulses. Individual glass fibers were 

attached to each of the % LED's. The ends of these fibers wgc brought together into a single 

bundle. 

A separate distribution fiber bundle assembled by Fikguide Industries allowed the 

mansmission of the W light to the individual glass blocks. The disuibution bundle consisted of 

200 fibers 7 m in length with .06 an diameter and 500 fibers 8 m in lengrb with -03 cm diameter. 

The disuibution bundle was held at one end by a stainless steel sheath, and fanned out at the other 

end into three smaller groups of f i b ,  one group went to the Main Array front, another to the 

Active Convener, and a third group of 15 fibers with .06 cm diameter fibers went to three PIN 

r diodes used to monitor the W light intensity. The Main Array bundle contained .06 cm diameter 

fibers for the SCGlC blocks. and .03 cm diameter fibers for the SF5 blocks. The Active 

Convener group contained all .03 cm diameter fibers. The fibers were inserted and glued into 

glass pdsms epoxied to fhe block faces, so that light was dirccttd toward the photomultiplier tube. 

To make it possible to vary the intensity of the light delivered to the glass blocks, the Fiter Wheel 

a carousel with twelve windows at its perimeter, was placed between the 92-fiber bundle and the 

distribution fiber bundle. Ten of the Fim Wheel windows held neutral density filters of varying 

opaciy, the other two were open and opaque respectively. Table 2 shows the penxntage of light 

. %dbybyof the thews .  

The Fdter Whal was controlled from the same Motomla V W l O  computer that controlled 

the glass table motion. Thc position of the Filter Wheel was known through a system consisting 

of holes in the wheel, LED'S, and light sensors, which established a four-bit word which was 

sent to a CAMAC input register read out by the data acquisition system. 
f i  



For test purposes, the LED'S could bc triggered by a 100 Hz free-running oscillator. 
1 

P'- 
During nonnal data taking, the LED'S wen triggntd by a coincidence of signals from a 60 Hz - 
oscillator @rcscalcd by a factor of 32 to make 1.875 Hz), a signal from the accelmtor clock that 3 
indicated the accelerator was bcnvten spills (so that no energy from interactions was Wig 

deposited in the calorimem), and a "strobe" signal from the Fiim Wheel cimaul electronics that 

indicaDed the Fiim Whecl was at a stable locelioa. 

During nurmal data taking, the V W l O  computer put the Fiitcr Wheel through a npwting 

scqutnce of positions, 1,8, and 12. Thc position was changed during each spill. Data taken with 

the filrcr wheel in position 1 (0% transmission) established the "pedestals" for the glass 

electnmics. (A pedestal is the digitized pulse height present in a channel when no energy has been 

deposited.) Position 12 data (10096 transmission) were used to determine gain comctions, as 

described in Saction 4.6 of this papcr. 

Each channel of the calorimeter had a hardware pedestal, some number of digital counts 

caresponding to zao deposited energy. These pedestals were g e n d y  well-measured quantities. 3 
All Main Array and Active Converter blocks had their pedestals measured between beam spills 

throughout the running Mod, aud the LGC and GTH ptdesfals wcn measlared several times a 

day throughout the run. All energy vaziables in the following discussions have had these 

hardware pedestals subuactcd as a fint step before the application of gain factors which convut 

ADC counts to energy. 

4. CALIBRATION PROCEDURE 

The calozimetcr was calibrated seven times dariag the data raking period, as shown in 

Table 3. In g c d ,  each calibration employed a scrics of e l e m  or positron beams of known 

momenta to establish gains of all channels in the calorimeter. 



4.1 High Voltoge Setting 
,P 

Thc maximum digitizable shower energies chosen for the thm types of Main Array 

glass block were 20 GeVIcz, 150 GeVIc2, and 100 GeVIc2 for the small SCGI-C, large SCGl- 

C and SF5 blocks, mpedvely. Once these values had been chosen, the energies cornsponding 

to a least digital count for a given block (and by implication the desired number of digital counts 

for a 30 GeVIc calibration beam) were fixed for the three block types. Before the actual 

calibration, tbe high voltages of all Main Array blocks were set one at a time. This was done by 

antering a 30 GeVIc beam on each block, and then adjusting the high voltage of the block until its 

digitized signal had the value comsponding to the mean energy deposited in the block as predicted 

by the EGS-IV Monte M o  [12]. 

When the analyzing magnet was turned on after calibration, the high voltages had to be 

reset to comct for the effects of the magnet fringe field. This effect could be large for some 

blocks, the front and back Active Converter responses to the LED pulser wcn: degraded by 10 to 

P 70 46, and the Main Array large block responses by as much as 20 40. To do this, the high voltage 

of each block was adjusted to make the block's response to the LED pulsa with the analyzing 

magnet turned on equal to its response with the magnet off. 

4 2  B m  Energy Detemrrmnmion 

Before a cabation was perfamed, the beam line &vices were tuned w accept the dcsjred 

momentum. The lithium target was removed from the beam, and data were taken with the 

analyzing magnet turned on, so that the momentum of the beam could be determined using the 

propomollpl wire chambas and drift chambm of the Experiment 705 spectrometer. To insure 

that the beam traveled through live regions of all drift chambers and proponional wire chambas 

(the ccnesl regions of all chambers wen deadened to avoid saturation in high rate mnning), it was 

necessary to shift the beam some distance hnn its nonnal horizontal position. 

Figures 7a-d show momentum distributions from a set of 6, 10, 30, and 60 GtVlc 
P 

calibrations. Evidena of bremsstrahlung is present in all four figures. It is highly unliily that 



this brcmsstrahlung was present in the calibration data taken with the beam in its normal t\ . 
undcflccd condition; rather, it was due to the bcam striking some material only when it was 

shifted horizontally to amid the tkdcncd regions of the chunbas There is -ly no way 
,- 
3 

of dctumining this from the existing calibration data, howcwr. The brcmbremss~ahlung dcgradcd the 

determination of the calibration beam momenta somewhat; however, the absolute enagy scale of 

the calorimeter was ultimately set by quantities observed in the m a 1  data, such as rbc ice mass 

and the h c o  of- for wclred elechons and positma fmn pair coavasions of pho ta~~ .  

After the calibration sequtnn described in the next section hd been performed at a given 

momentum. the momentum dctcrminarion was npcated b sa whether bcam line conditions had 

changed iiom the start of calibration to the finish 

Pion contamination in the calibration beams varied between about 3% at the lowest 

momenta to about 50% at 100 GeVlc. Two threshold Caenkov counters wac used to pnvent 

pions from producing calibration triggers. The pion contamination in the final sample of 

calibration events was estimated to be less than 1%. 

J 
Once the calibdon beam energy had ban  messurai, the analyzing magnet was turned 

off, and the beam was centered in the spectrometer ~punae. A program was then run on a 

Motcmla W 1 0  computer, which moved the glass tabk rhrwgh a preset sequence of positions, 

allowing bcam to enter each block of the Main A n y ,  as shaMl in Figure 8. In general, 1OOO 

m n t s  were written to tape f a  each main m y  block befm b program moved the table to the 

next p i t i o n ,  although typically about 20% of these cvew had to be xcjccted because of the 

presence of multiple beam aacks. For the Main Array blocks behind the LOC, the tabk was 

positioned so mat the beam was centcrtd on thc target bkdL For blocks in the Actin Convener 

rc@on,thebeamwascmaedonanActiveConmttrMockinfroatofihe~tM&sorhatthe 

Main Array blocks in rhis legiaa w m  calibrated with barn 335 cm to the left a right of center. 

The on-line procedure took several horn. As many as two blocks could be done per 23 

secwd spill, with -50 sec between spills. The entin data sample for one caliition energy could 

J 
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I be placed on several 9-wck 6250 BPI magnetic tape reels. The on-line calibration procedun is 

described in more detail elsewhere [l 11. 

/- 

4.4 Qf-line Calibraabn Analysis: 30 GeV/c Data 

The off-line calibmion analysis &tennkd gain constants for Active Converter, LGC, and 

Main Array channels by minimiig the width of the observed energy spccaum of calibrarion 

electrons [13]. In practice, the analysis was run only on the 30 GeV/c data from the various 

calibrations. The proccdm was imtive, using staning values for all gains determined by the 

high voltage settings described in Scction 4.1. 

In general, the gain of a channel k of the Main Array. Active Convener, or LGC is defined 

by the e-on 

Ek = %*h (4.4.1) 

when CI1: is the gain, Pk is the pulse height in digital counts (with a pedestal subtracted if 

necessary), and & is the enagy in GeV/c2. 

Each itention of the main loop represented a loop over all table positions in the calibration 

P sequence. For thc N, events fim each table position (as mentioned before, N, was usually 

about 1000). new gain values were determined for the targeted Main Array block and up to two 

Active Convwtcr blocks (me in the front and one in the back Active Convmcr rows) or the LGC 

planes in k t  of thc rargeted Main Anay block. 

Individual LGC tube nlative gains wen determined in a sepante prccedurc. The channel 

comcdons were obtained by smoothing the summed pulse height disuibutiw over the LGC for a 

h g c  sample of interactions, based on the hypothesis that on average, the energy from interactions 

should bc distributed continuously wa the d v e  arca of the LGC. The GTH pulse heights were 

comcted by a smoothing similar to that used in the LGC; however, no attempt was made to 

convert the corrected pulse heights to energies, s ine  the GTH was used only for position 

nconsmrtion. 



Equations for the total measured energy ET in thnc distinct regions of the detector may be ..? 
written as follows: 

The fust sum in each equation is over the targeted Main Array Mock and its nearest neighbas. 

Equation 4.42 applies to the outermost columns of the Main A m y ,  with no Active Converter 

blocks in front. Equation 4.4.3 applies to the ngion of the Main A m y  coVQCd by the LGC. The 

second sum in this equation is over the set of LGC tubes in front of the targeted block. GI are 

individual dative tube gains, snd is an o v d  x-plane gain for the LOC region in front of 

the targeted Main Anay block Equation 4.4.4 applies to the ngion of the Main Array covered by 

the Active Convena. The second and third sums arc over the targeted front and back Active 

Converter blocks and their two nearest neighbors. (For Main Array positions ncar y = 0, sums 

over six Active Con- bbcks wae used) 

Tbcgainpammct~sfathetragctedMain A w y  blockandfrontandback ActiveConvatw 

blocks or LXjC tube wae daamincd by minimizing the quantity - 

(4.4.5) 
J 

ZN,, (Ebsrm - E1il2 

where& is thecalibmionbeamcncrgy, a n d ~ , i s t h e t o t a l ~ s h m r e n e r g y o f t h e i t h  

event out of the sample of N, events ncorded at the table position 

?his fitting procedure produced a distinct active plane gaio constant at the position of each 

Main Anay blodc; far mare than the number of unique active plane elements. Consequently, we 

f f i e d  a gain f a  each active element that would reproduce the EGS-IV pdicrion of the mean 

energy deposit in that element, then intapmted the surplus in each fined gain as being a 

longi~showtr&ve~tromctionmthe~acgyinrMsiahy block. (Snagridofthe 

main m a y  blocks this process also conocted for any reridurrl positional gain e t i w  within an 

active element, but the comsponding energy was i n d y  assigned to the main a m y  rather than 

mtheactiveplanc. 



/- In addition to the gain, a parameter was exuactcd for each Main Array block 

which took into account variations in longitudinal shower &velopmcnt as nflcctcd in the division 

P of energy between the Main Army and Active Converter (or LGC). The expnssion 

ET = EM + (I+&) * EA (4.4.6) 

gives the cancted total showa energy ET in terms of the measurcd Main A m y  energy EM, the 

measurcd Active Converter or LCiC energy E,, and the comction factor b,,,. 

The Active Conwtet column energies E, wcrc carcctcd for attenuation along the long axis of the 

blocks by fining far two parametas Dg and n in addition to the gain G, such that 

@ +DOPGaP. (4.4.7) 

wherc D is the distance the phototube end of the block at which energy is &posited. Since 

each Active Convtncr column was ustd to calibrate thne Main Array blocks comsponding to 

three difftrent values of D, the parameters Dg, n, and G,could be uniquely &tumind A funher 

nquiremcnt was imposed, namely that the avaage Active C o n v m  energy must be equal to that 

pdictcd by the EGS-IV Monte Carlo program. 

4 5  Calibranbn Momenta Other than 30 GeVlc 
P 

Thc 30 GeVIc calibration data werc chosen for detailed analysis described in the previous 

section because they optimized transverse beam shape, compact shower profies in the glass, and 

narrow beam energy spectrum. To account for variations in the calibmlion constants with shower 

energy, two emrgy-dcpcndent parameters wen &fined for each Main Array glass block type. 

The total msgy of a showa in a block i may then be =presented by 

ET = q*EA + k*EM (4.5.1) 

where q aad & are both &!incd to be unity at the momentum 30 GeVIc. For each of the other 

cal iMon momentum values, cq and a wac detennhd so that the width of the measured energy 
. .  . 

Specmrm- d while pnstrving the mean energy. 

The final analysis code first calculated the Main Array and Active Converta (or LGC) 

energies of a shower using the calibration constants from 30 GeVIc data. It then made the 

longitudinal comction as shown in equation 4.4.6. F i y ,  the code interpolated in a table of q 
r 



and as measwed at the various calibration energies for block i, and calculated tbc final shower 

energy from equation 45.1. 

4.6 Gain Tracking 

The calibration algoxithm described in Section 4.4 determined gains at each 30 GeVlc 

calibration. Various timedependent shifts in glass block gains affccling the data taken between 

calibdons were careced in each event using thc LED pulser data. 

For cach event, the pedestal-subPnrted pulse height in a block was axrccted using the ratio 

of the block's cumnt LED open Wheel response p l b w  and the LED open filter Wheel 

response at the h e  of calibration as well as the PIN diode responses to the LED flash at 

the time of the event and the time of calibration, PIN- and PINc& 

p-= p w * @ ~ ~ d ~ l ~ w ) * ( P I N ~ ~ ) w / P I N a l i b )  (4.6.1) 

The first tum in parcndmts conccted for changes in the block response, the second for changes 

in the light levcl of the LED pllsa system. 

Comparison of data for two caliMons approximately m month apan yielded an upper 

limit of 1.0 % in the tracking error of the block gains [l 11. That is, the gain calculated using the 

LED and PIN diode response information is distributed about the uuc gah value with a standard 

deviation of less than 1.0%. 

4.7 Rate Dependent Pedesral 

During a small portion of the running an ran the LED flasher during the normal beam spill 

to produce no-light pedestal aiggas; during most of the d n g  these pedestal triggers were 

producedonlybehmenspilla. Thtad-of-spi l l tr iggers~avaynarrowpedwtalas~ted 

with noise in the ADC itself, but bat in-spill pedestal showed a lnge and broad additional pedestal, 

pdcuiarly in the SCGI-C glass. The average value of this pedestal in a particular block was 

found to be smngly correlated with the mean energy deposited in that block by minimum bias 

triggas, varying with the interaction rate, the cross-mctbwl a m  of the block, and the block's 

distance from the buun path. Figure 9a shows the ntio of the pedestal to mean deposited energy 

fm each block in the detector. That an three distinct block groupings on this plot comsponding 
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, to SF5, large SCGl-C, and small SCG1-C. The points for the SF5 blocks are widely scanend . 
because the rare-dependent pedestal is quite small in these blocks as a consequence of their small 

r mean energy deposit. Figure Pb shows the pedestal width plotted against the mean deposited 

energy. 

Review of the ADC electronics revealed a subtle feedback path that was highly sensitive 

even to DC levels fran the photomultiplier tubes. It is therefore believed that this rate-dependent 

pedestal is caused by a residual glow in the glass caused by the shomrs from untriggcrtd events 

immediately pccding a triggad event. 

In this model, the observed width of the pedestal results from statistical fluctuations in the 

number and size of showas that develop in a particular block prior to a triggering event. Thus, at 

high rates, the signal from both SCGI-C and SF5 glass appears to contain a large low frequency 

background component that would be difficult to eliminate with any single sampling ADC. In this 

experiment we have no way to reduce the pedestal width, but by using the correlation between the 

average enagy deposit in a block and its pedestal mean we an able to m o v e  most of the offset. 

The average energy &posit in a block is a function of beam x, y position which changes only 

P occasionally and the instantaneous interaction rate which varies with beam intensity during a spill 

and for a varicty of reasons on the longer term. To control for changes in the beam position, we 

averaged over minimum-bias triggas to make maps of the mean energy deposit as a function of 

block number. but in the bulk of our dam our only way of esrimating the instantaneous inmction 

me was to interrogate the "befare-bits" discussed in Section 3.1. 

In our sample of in-spill pedestal triggas, we observed a correlation between each block's 

pedestal and a sum-over-blocks of thc "before-bit" information contained in that event. For each 

block, this correlation was fit to a linear function, pmducing slope and intercept constants a and b 

that we used to describe the rate dependence of each block's pedestal. 

These mean energy maps and the before-bit estimate of the instantaneous interaction rate 

were used to extrapolate the observed ratedependent pedestal to the bulk of our data using the 

pedestal formula 

P = P ~ + ( E X ~ S + ~ ] - ( ~ X U B ~ + ~ ]  (4.7.1) 



when Po and BO arc respectively the mean energy and mean bcforc-bit energy observed for in- 

spill pedestal triggers. <EO> is the m a n  energy &posit by minimum b i i  triggers in the same 

tapes, whilc <E>. B, and the resulting pedestal P are simii quantities f a  a different data sample. 
J 

All quantities in this formula except B and Bg are block depdcnt. 

5. EVENT RECONSTRUCTION 

A comprehensive algorithm was &velopcd to reconstn~ct the 4-momenta of photons 

produced in interactions by measuring their energies and positions in the calorimeter. The 

w t h m  also nxonsmctd panicks other than photons, including electrons and posinons as well 

as sane hadrons. H a m s  wert imperfectly reconstructed since in genaal they deposited only a 

small fmtion of their energy in the cabrimem. 

The r#xwstruction algorithm had to deal with overlapping showas, two or m m  of which 

could contribute energy to a given channel. An iterative energy-fittingJposition-locatingblock- 

energy-sharing procedure was developed to partition the energy in a block between a set of 

contributing showm. 

More detailed discussions of the shower n c o n s m o n  algorithm may be found elsewhere 

[9.11.13.14.17]. 
J 

5.1 Energy Arrays 

The first step in the nconsuuction of an event was to N1 deposited energy arrays for the 

Main Array blocks, the Active Connncr blocks, and the LGC mbcs and strips. A similar array 

was also kept for the GTH channels, but its contents arere *ply relative pulse heights with no 

energy wnvmion. 

A Main Array cluster was defined by a anaa l  peak black tht contained more &posited 

energy than was present in the blocks on any of its four sides. The typical cluster consisted of 

nine blocks although clusters on the large-blodr small-block bomdmy could contain ten or eleven 

J 
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J blocks. The energy in the peak block was rcquind to be g r e w  than 30 M ~ V I C ~ .  This definition 

allowed the peak blocks of two dusters to touch at a common corner. - 

r Blocks asassociated with a single cluster had their full energy. assigned to it, but blocks 

associated with rnm than one cluster had their energy divided between the clusters. The initial 

division of energy was pmporfional to the peak block energies of the clusters sharing the block. 

The total cluster energy was initially defined as the sum of the assigned energies of aU blocks 

contained in the cluster, and the initial cluster position was taken to be the center of the pea block. 

53 Cluster Position and &Wgy DetcrrmrrmnauMRon 

A sample of elecaomagnetic showers generated by the EGS-IV simulation was used to 

proawe tables from which we reconsrmcted the position and energy of each main array cluster. 

Three types of particles were simulated separately: 1) photons entering the calorimeter as if they 

had been produced in the target, 2) elecmns of nonnal incidence (to simulate calibration events), 

and 3) eltcaoas entering the calorimeter with an angle which depended on their momentum and 

7- position. 

As indicated in Figure 10, tables were generated for both the normalized shower shape 

quantities pi and the position estimators rij. To keep both tables manageable, we assumed that the 

two dimensional showa shape could be represented by uncartlated x and y distributions and 

gentrated entries only for tlnee blocks oriented parallel to the +x axis in the first quadrant of the 

d e w .  We then used exact and approximate symmetry proputies to modify these tables for the 

y pattuns and for the other qdmnts. Since the magnetic field breaks the azimuthal symrneay for 

deflated electmrs, the table entries for deflected photons were used for the y patrems of particle 

type (3) above. Table entries were generated for twenty x positions relative to the ccnter of the 

peak block, eight x locations in the glass block array, two azimuthal angles around the beam 

direction, five logarithmically distributed energies, and four mean shower depths. A table of the 

variance of each enay was also kept 

A position for each cluster was calculated using an inverse variance weighted average of 
f- 

the rij appropriate for the shower. In the absence of background energy or shower sharing, the 
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best energy estimate for a shower is clearly obtained from a simple sum of the measured energy in 

each block of a cluster. However, for our non-calibratim data we found that a fitting procedure 

gave a km estimate of the actual showa energy. 

Based on initial estimates of thc energy and p o d h  of a shower. we began the fitting 

process by extracting a unity-normalized predicted nine-block shower shape Si from the tables. 

The comer blocks (6:9 in Figure 10) mn not given dinctly by the tables, but WRC estimated h m  

empirical extensions to the expression Smr = Si Sfik. where blocks i and j share common 

baudaries with the a n =  block k and rhc u*na block. 

A fitted energy for each cluster was determined by rnirhizing tfie quantity 

~2 = &j(Ei-Asi) Mlj (Ej-Asj) (5.5.1) 

with nspcct to the scale factor A. In this expression, thc Ei arc the block energies assigned to the 

cluster. the Si arc the predicted energies from the pattern tables. and Mij is the inverse covariance 

matrix. We approJrimated this mptrix with the acp~tssioa 

M. 1, - - i[o ma~(EiEj)P (5.5.2) 

when i and j arc neighboring or npeatcd blocks, and zero otherwise. This form puts 11o2 on thc 

diagonal and approaches this value as the energy deposited in two neighboring blocks becomes - 
identical, but minimizes the rcW &diagonal tams whm the mrgy in one block is much larger 

3 

than the other 1141. The quantity o was used for chi square normalization purposes and was 

derived &om the table variance entry for the central block. 

For each cluster in the event, the energy fitting was npepted in the overall iteration loop a 

maximum of 25 times, or until all block energies were within 1% of theiivaluts from the previous 

it&. Afm each iteration, tht " ~ e n c r g y a r a " F ~ o r h P e h w a s c a l c u l a t e d :  

F = d(xi(~out - W )  / &o (5.5.3) 

w h m  the sum runs over the five blocks used to fam the prt~enrs discussed above. Em an the 

energieSgoingkrtothei~m,aad&arctheenagierrAertbei~ Togcthawiththechi 

square, this quantity was useful fa estimating the quality ofa showds energy dammination. 

5.4 PositwnDerem'~tion Using the LGC and GTH 



- 
\ . Positions of showers wen determined by examining the energy &posited in the horizontal 

and vertical views of the LGC and GTH. Peaks comsponding to electromagnetic showers were 

P located in the energy and pulse height profiles of the LGC and GTH respectively using a 

deconvolution technique. A predicted shower shape was &convoluted from the measured 

profiles, and the resulting distribution was scanned for channels above a certain threshold. This 

technique proved superior to a simple peak search algorithm in resolving overlapping showers and 

was able to return a satisfactory LGC energy without funhcr need to separate showas [13]. A 

gaussian digital filter was also applied in the offline analysis of the hodoscope data to eliminate 

noise due to low particle statistics in the early part of tht shower. This was particularly important 

in the GTH 191. 

For each cluster in the Main Array, a search window was &fined about the position as 

obtained fnnn the glass information, with dimensions f3 times the calculated position uncertainty. 

The maximum and minimum dimensions of the window were +6 cm and f 3 cm nspcctively. 

Hodoscope peaks lying within the horizontal and vertical search windows of a cluster were 

matched using an asymmetry parameter defined as 

a=(&-Ey )I@, +Ey) I (5.5.4) 

A cut was imposed on this parameter, &manding that a be less than 25% in the LGC or 

35% in the GTH. These valuts were chosen by examining asymmetry distributions for showers 

from calibration electrons. If a pair of peaks pas+ the asymmetry cut, they formed a potential 

"hodoxope crossing". Attempts were also made tP match two pealis in one view with a single 

peak in the other view. If multiple crossings w m  found within a cluster window, the pair with 

tbe smallest asymmetry value was chosen. If a hodoxope crossing was found, the final position 

of each cluster was defined as the weighted average of the positions & m i n e d  by the glass 

information and by the GTH or LGC. 

6. PERFORMANCE 

The performance of the Experiment 705 calorimeter has been assessed by examining 

energy resolution, position resolution, and reconsauction efficiency for electromagnetic showers 

23 
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both in calibration data and in high intensity interactions. Stability over time and uniformity over 

the active region of the detector arc also important aspects of the energy scale. Each of these 

perfmance criteria are examined in the following sections using samples of electron/positmns, - 
J - 

f l s ,  and 11Qs reconstructed from high-rate data. 

6.1 Energy Resolution atui Energy Scale 

The fmctionai energy ltsolution @)/E is usually parameterid as 

~(E)/E = a + B ~ ( E )  (6.1.1) 

w h m  the quantity a reflects unceminty in the energy scale from shower to shower due to 

variations in gain parameters and other systematic effects, and the $ tern represents the effect of 

sampling fluctuations, which dominate the energy uncertainty for most showers in this 

experiment A third term. proportional to 1/E, is sometimes added to the expression, to account 

for random fluctuations in pedestal duc to elecaonic noise. At calibration beam intensities, the 

contribution to the enagy resolution frmn Dmdom pedestal fluctuations was very smdl Dl, so that 

the addition of a term in 1/E was not necessary. Because we obsave an intmdon ratc dependent 

pcdestal in this experiment, it is necessary to consider the behavior of -)/E for caliMon and 3 
high-rate ruwing ~cparately. 

6.1.1 Calibration Data 

As explained in Section 4.4, the gains determined by the off-line calibration algorithm 
. .  . mu- the width of the energy distribufion at a givm calilxation energy. Tbc energy resolution 

a(E) could then be exPscred &om these widths. Tabk 4 shows a(E) for four of the calibration 

beam momenta in the various regions of the c a l w .  Tht estimated momentum spread of the 

calibration beams. 0.7%. has been subtracted in qu&atm% The valucs shown ~IC Gaussian 

fits to the energy disrributions at the Various calibration mancma 

The 2 GeV/c and 100 GeV/c calibration data were no! used in this analysis. For the 100 

GeV/c data, the pion contamination was large and an ovaflow cadition &times axurrtd in 

the LGC. For the 2 GeVlc dam, Ap/p was large and the beam spot at the calorimeter hmt face 

was comparable to the dimensions of a large glass block, c ~ m p b t h g  the calibration analysis. J 
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x . 
w The values for u(E)/E dctamincd from the values of a(E) in Table 4 are fairly linear in the quantity 

1 )  Values for the intercepts and slopes of a staight line fit arc given in Table 5 for the four 
r 

regions of the demtcr. 

The result for the large SCGl-C in the GTWActive Convener region can be compaxed 

with a test result obtained at SLAC [15,16], a(E)/E = 0.64% + 3.9%/"4~). The somewhat 

degraded result for the Experiment 705 calorimeter is to be attributed in part to differences in 

position hodoscope wnstruction for the GTH and SLAC test devia, and to the 1.3 cm steel plus 

0.8 cm lead radiator in front of the Experiment 705 Active Converts, which was not present in the 

SLAC test apparatus. The larger emas in the central region stem b m  the LGC energy resolution 

coupled with the shower depth sensitivity of the SCGl-C glass. 

6.12 Elemon-Positron Pairs in High-Rate Data 

Pair conversions of photons in the lithium target provided a powerful tool for measuring 

the pafomrana of the calorimeter in XX) GeV/c interactions. About 7% of the photons produced 

in the target convened into electron-posimn pairs. One or both of the pair of particles could be 

P wcked in the charged particle spectrometer. For a tracked electron or positron entering the active 

region of the calorimeter, the ratio of reconstructed shower energy to nack momentum, Up, 

should be close to unity due to the smallness of the electron mass. 

In addition to the emr in E, the momentum resolution of the charged panicle spectrometer 

connibutes to random deviations of Up from unity. However, this contribution is expected to be 

small. For example, at 20 GeVIc the sack momentum resolution was -1.2%. Monte Carfo 

simulations taking into account multiple scattering and chamber granularity predict that f a  lower 

values of momentum. @)/p falls off p~~.bolically, approaching a value of approximately 0.05% 

at zero momentum. However, t h m  are other effects at very low momentum values (e.g.. 

spiraling of tracks due to the small magnetic field components) which probably degraded the 

momentum resolution funher. In any case. the contribution to tht width of the Up distribution 

frwn tracking was probably never greater than a few percent We further nore that the minimum 

P 
momentum for tracks considad in this paper is about 4 GeVlc. 
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Elcctmn and posimn candidate showers were selected by rtquiring that a charged particle 

track point m within 3 cm of the measured position of a shower with at least 200 MeV/c2 of energy 

in thc LGC or Actin Converter. l k  lahe cut was intended to remove most of thc h a h s ,  about 

9046 as estimated from charged pion test beam data 1171. 
3 

Figure 11 shows cr(E)/E as a function of 1/d(E) for the four detector regions. The 

triangles represent o(E/p) for elecmns and positrons reconstructed in high rate data, while the 

circles show the r t s o l ~ h  U@)/E for d b d o n  beams obtained from the illforlmti~ in 

Table 4. 

The energy resolution for high rate running is degraded relative to the calibration 

resolution. This is expected,' since interactions produced by 300 GeV/c panicles affect the 

reconstruction adversely in several ways. These include: 1) hadronic energy deposited in the 

calorimeter which is mistakenly assodated with an electromagnetic shower, 2) energy from 

improperly nconstructed electromagnetic showers which overlap the shower of intcnst, and 3) 

impafcct curtction of the pedestal shift discussed in Section 4.6. 

6.1 3 n0 and IP Decays in High Rate Data 

Di-photon mass combinations were examined in the d (135 MeV/c2) and qo (549 
3 

M ~ v / c ~ )  mass regions. Photon shower candidates m selected for rhc nP analysis by making the 

following requirements: The shower position was measured by the LGC or the GTH. The ratio 

of energy measured in the LGC or Active Convtna to the square root of the total energy (both 

energies in GcV) was gream than 0.15. The shower fitting x2 was less than 10. The fractional 

energy errop paramem a was less than 0.2 

Figmcs 12ac show invariant mass disnibuti00~ fa various photon energy ranges. Clear 

signals arc seen in all five plots. In each cast, the supmimposcd fumtion is a Gaussian plus a 

3rd & polynomial. 

Table 6 shows the measured values of tbc 89 cenaal mass and mass resolution (the mean 

and sigma of the best fit Gaussian function) for the four regiaas of the de-. 'Ibe values are al l  

within about 3% of each other. 



.1 Showen for q o  studies were nquind to satisfy the following requirements: The shower 

position had to be measured by the LGC or GTH. No charged track pointed to within 5 cm of the 

P shower center. The shower energy was greater than 5 GeV, and the summed energy of both 

showas was greater than 15 GeV. The shower fitting ~2 was less than 0.4, and the fractional 

energy parameter A E ~  was less than 0.15. 

Figure 13 shows the photon - photon mass distribution in the qo mass region. A clear qo 

signal is seen. The fitted mass is 556 2 4 M ~ V I C ~ ,  with sigma = 17 f 4 Mev/c2. The central 

mass is within 3% of the aut 110 mass, indicating again the accuracy of the Experiment 705 energy 

scale at the level of a few pmmf 

62 Position Resolution 

Shower position resolution contributed to the uncertainty in the four-momenta of photons, 

and therefore to the mass rtsolution of photon - photon combinations, as seen above for the no 

and q0. 

The position nsolution was measured using calibration electrons as well as elecmns and 

P posiuons pduced in high rate running. The calibration electrons were txacked in beam chambers 

upstnam of the target and exuapolated to the calorimeter, and the produced elccaons were tracked 

in the downsueam chambas. The position resolution was obtained by comparing the pndicted 

impact locations with the shower positions determined by the electromagnetic shower 

ncoasrmction algorithm. 

62.1 Calibration Data 

The open ckcks on Figures 6.4a-e indicate the sigmas of the residual distributions between 

the exuapolated beam nack position and measured shower position for calibration electrons in the 

v& &tecun regions. The numerical results are shown in Table 7. Given that the spectrometer 

mking chambers wen desensitized in the beam region, we have no independent measure of the 

quality of the beam rrack extrapolation in calibration data, but because of possible multiple 



scattering in the mi= of the beam Cherenkov counters we are most confident of the higher 

momentum rneaSunments. 

622 P r d a d  Electrom in High Rate Daaa 

A subsequent study using produced e lecms  and positrons found by the tracking program 

yields the position resolutions shown by the open triangles in Figure 14. Comparison with the 

calibration beam data (shown by open Circles in Figure 14) indicates substantial uncaainty in the 

exnapolated locations at the c a l b e t c r  for low energy calibration beams. Thcsc studies were 

done in a portion of our data when the LGC ADCs were ovaflowing on a fraction of high energy 

showers: this probably accounts for the slight degradation in LGC resolution with increasing 

energy. The worse resolution indicated in the LGC y-plane measuremenn is probably caused by 

larger downsueam tracking emon (U,V planes wert used) but since the induced y showers were 

broader than x showers, backgrounds f m  other showas may also be signiiicant 

The psition resolutions for electrons and positrons in standard (non-calibration) data, 

avetaged over all observed momenta, are given in Table 8 for the veous  detector regions. For 

the LGC region, the psition residual distributions wnc non-g.assiah and so the sigmas reported 

in Table 8 are obtained by convening the FWHM for the distribudons into a sigma 
J 

In general, the nconsrmction efficiency for elccaonugnctic showws is a function of the 

energy and impact position of a panicle entering the calorimcm. It is sensitive to the boundaries 

within the Main Amy and active planes, dead spots. and mrcdved overlapping showers, from 

bah in-time and out-of-time mnts. 

Tracked electrodpositron pairs proved to be our kn estimator of the reconstruction 

efficiency ofthc calorimeter. As mentioned in the pncctding sections, such pairs wm copiously 

produced in the data, and fairly easily identified The saategy was first to identify two tracks from 

a possible pair conversion, then rcquirc that one of the uacks be idtntified as an electron or 

positron using information from the calorimeter. If the other track mmed the active area of the 



- 
calorimeter, the reconsmction efficiency could be assessed by asking how often an 

ebmmagnetic shower with the comct energy could be asscciatcd with this nack. 

P Relying on pair conversions has the drawback that the impact positions of electrons on the 

calorimeter are strongly comlated with their momenta, so that it is not possible to determine the 

reconsauction efficiency over a large range of energies at a given position in the calorimeter. 

Electrons and positrons from pair conversions atso tend to suike the calorimeter at vertical 

coordinate values close to the vertical beam coordinate, since the analyzing magnet only bends 

tracks to the left and right 

To identify charged tracks from photon conversions, opposite sign nack pairs were 

selected having (y+ - y-) less than 10 cm, w h a  y+ and y- were the vertical positions of the 

positively and negatively charged tracks at the calorimeter face. This cut enbanad pair conversion 

selection, since the analyzing magnet only bent charged particles horizontally, so that two initially 

collinear particles would continue to travel in the same vextical trajectory. Both charged tracks 

wcn requirtd to enter the active region of the calorimeter. Figure 15 shows the invariant mass f a  

such &a& pairs. The peak below about 10 MeVlc2 is due to photon conversions in the lithium 

P target and s m d i n g  material. 

Identified photon conversion nack pair candidates were then required to have at least one 

aack satisfying the shower requirements given in Section 6.1.2 for an e l ecm candidate. The 

shower nconsuuction efficiency was then investigated by searching for a shower in association 

with the parmcr track. Figures 6.6ad show the fraction of the time, plotted separately for each of 

the four major detect& regions, that the partner track gave rise to a fully reconstructed 

electromagnetic shower. This ratio may be interpreted as the uncorrected reconstruction 

ef6cicocy. 

A corrtction factor must be applied to the reconstruction efEciency shown in Figms 6.6a- 

d, to account for falsely identified electron - positron pairs. This factor was evaluated in two 

different ways: Fit, opposite-sign track pairs from different events wac checked, to see how 

often a pair passing the nquirements was found. Second, same-sign track pairs from the same 

event were checked in the same manner. These techniques gave 8 f 1 % and 14 f 1% for the 
F 



estimated percentage of falsely identified pairs. Table 9 gives the uncorrected and comcted 

nconsrmction efficiawy averaged over momentum for the wbus regions of the calahctcr. 

A large acceptana, highly segmented scintillating and lead glass calorimcm, with gas tube 

devices for position mcBswcment. has bttn operated at high rate. Fractional energy resolution 

a(E)/E for calibration beams was measured to be 

1.71k10 % + 11.83 k.43 %P/E 

in SCGI-C scintiUating glass with a kad-gas sampling active converter, 

0.990 k056 % + 4.58 f .22%& 

in SCG1-C glass wirb an SCGI-C active converter, and 

0.331 f .018 % + 6.65 k.08 W k  

in SF5 lead glass with an SCGI-C active converter. For 300 GcVIc interactions, the 

resolution is somewhat degraded from these values, as expected. Shower position resolutions 3 
w m  measlrrtd to be from 2 to 6 mm in all regions of the calorimeter for elcarom and posiaons in 

rcconstnrctcd in 300 GcVlc events. The reconstruction efficiency for elecmns and positrons 

varies between 26% and 56% in the various regions of the detector. Having fixed the energy 

scale using nconsmcted electrons and positrons from pair conversions of photons, we 

~tconsrmct no and with the comct masses and good rrsluion. We that our energy scale 

is stable at thc level of -3% across the activc area of the das*or and over the dlwtion of the run, 

from August of 1987 until February of 1988. 
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Figme 2. Beam view of ttrC Main Amy (SCGIC rinritluinp glass is cross-hatched) 
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Figure 15. InvaIiaIlt mass for -tnnl paiR 
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