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ABSTRACT

We describe the performance of a large (0.9 x 1.4 m?) liquid argon
photon calorimeter in high energy experiments at Fermilab. Resolutions
for 7° and electron showers, obtained under data-taking conditions, are
compared with electron-beam calibration results. Exceptional spatial and
time resolutions have been achieved for isolated showers (Gx,y < 0.7 mm
and 0y = 6 nsec). Electron data up to energies of 80 GeV and 7° data up

to 180 GeV are presented.



[. Introduction

Since their introduction into high energy physics® , liquid argon cal-
orimeters have proven to be exceedingly versatile detectors of electrons,
photons and hadrons. The theory of operation and the design details of these

detectors, and their cryogenic support systems, have been amply described?

In this paper we will present a summary of our operating experience with
a large (0.9x1.4 m*) photon calorimeter. Section II provides a brief discussion
of the detector construction and Section III describes the readout electronics.
In Section IV event reconstruction is discussed. In Section V we present results
from electron-beam tests and compare these with data on 7° and positron showers
gathered under high intensity running conditions over periods of several months.
We demonstrate the ability of our detector to measure photon directions to 30 mr
rms and time-of-arrival to within *6 nsec rms.
Our detector was designed to be used at Fermilab primarily to detect 5
tc 100 GeV photons from the decays of w° and n mesons produced in dissociation
processes? Experimental goals dictated the following reguirements:
1. Ability to handie rates of 5x10* hits per channel per second.
2. Position resolution better than 1.5 mm rms.
3. Energy resolution better than 20%/vE({GeV).
4. Good photon-hadron discrimination.
5. Ability to provide selective triggers.
6. Stable operation.
7. Uniform response over the active area.
The choice of a2 Tliguid argon calorimeter was forced by the need to meet

these requirements, especially 2, 6 and 7, at low cost.



[T. Construction and Cryogenics

figure 1 shows an exploded view of the detector. It consisted of 61 lead
sheets (2 mm thickness) and 62 copper-clad G-10 sheets separated by G-10 spacers
along the edges, and by small G-10 pins in the active area. The entire sandwich
was held together and attached to its support structure by stainless steel rods.
When immersed in Tiquid argon, the detector was 25 radiation-Tengths and 1.2
pion interaction-lengths thick. The liquid argon gaps were 2mm .

The Tead sheets were obtained from St. Joe Mineral Corp., Monaca, Penn.

This Tead (type SJIM620), used in automotive batteries, is rather hard and in-
flexible compared to antimony Tead. The delivered sheets were reasonably uni-
form in thickness (variations were less than +50u), but suffered from severe
waviness of the surface. Flattening by re-rolling proved to be impossible because
of the hardness of the lead. The required flatness was finally achieved by pro-
cessing the sheets with a "roller-leveler” at a steel-rolling factory.

After flattening, the sheets were stacked on an aluminum jig plate for
machining of the edges and drilling of the 19.8wm diameter beam hole. Next fol-
lowed degreasing with freon and inspection of the surfaces. Gouges were sanded
smooth, and gritty inclusions, apparently pressed into the surface during the
initial rolling, were removed. Surface flakes, up to 4mm thick and Icm across,
were often found loosely attached to the sheets. These were removed and the
resulting pitted areas were smoothed.

The copper-clad G-10 sheets were etched to form strips of 1.27 cm in pitch, with
0.5mm interstrip gaps. The strips extended along the X- and Y-directions on alter-
nate sheets. The strips with same X and Y positions along the axis of the detector
were connected to a single amplifier channel. However, the Y-measuring sheets were
divided electrically into Teft and right sections, and the LAC read-out was further
subdivided inte front and back halfs (each containing the same amount of ~12 radia-
tion lengths of material). A silk-screening step in the etching process was re-
sponsible for +Imm variations in the positioning of the strips from one sheet to
the next. This variation exceeded our specification of *0.5mm, but spatial resolu-

tion proved excellent in spite of this. The copper surfaces were left bare. The



corrosions that quickly formed were removed and prevented from recurring by bath-
ing the sheets in a mild acid solution followed by a weak NaOH bath and distilled
water rinse,

During construction of the assembly, we carefully measured thicknesses along
the detector edges so as to compensate for varying spacer thicknesses by inserting
3 mil mylar shims between the spacers. The edge thickness of the finished stack

was uniform to within £ 0.5 mm out of a total thickness of 50 cm.

The lead sheets in the stack were free-standing. This was achieved by
placing G-10 frames, that were % mm thicker than the nominal lead, around the
edges of the lead sheets; the Tead was therefore not held tightly when the assembly
was compressed at the edges with the stainless steel rods; consequently, the lead
sheets were free to contract and expand independently of the rest of the structure,
which, being made almost entirely of G-10, had a uniform coefficient of thermal
expansion. The beam hole in the lead sheets was placed 1.5 mm higher than in the
G-10 sheets so that all holes would be concentric at liquid argon temperature. In
order to minimize beam interactions inside the detector, a thin-walled, evacuated

quartz tube was inserted in the beam hole.

The detector support consisted of a welded aluminum cradle with 1.3cm
thick G-10 underneath and behind the detector. Oversize nholes in the G-10, and
teflon bushings between aluminum and G-10, allowed for differential contraction.
A key on the bottom G-10 sheet provided for accurate alignment of the various lay-
ers.

The detector-cradle assembly was suspended from a flat stainless-steel
cover plate for the cylindrical cryostat (see Figure 2). This vacuum-insulated
vessel was supported in a tall steel structure (tower) which also provided the
means to raise and lower the cover plate and suspended detector. The whole
tower structure could be moved on air pads so as to sweep the detector

horizontally across the beam.
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A catwalk, attached to the tower, provided access to the detector when it
was out of the cryostat. Access to the cryostat top, even when the full intensity
beam was passing through the detector, allowed fast de-bugging and easy mainten-
ance of the amplifier-readout system and trigger electronics, and proved to be
more a necessity than merely a convenience.

About 3000 1iters of 1iquid argon sufficed to cover the detector. Welding
grade argon was cleansed of its oxygen content (usually less than 4 ppm) by pass-
ing the gas over a palladium catalyst along with a small flow of hydrogen. The
resulting water vapor traces were removed by passing the gas through room-temp-
erature dessicants that were followed by a molecular sieve, operated at dry ice
temperature. Oxygen content at the purifier output was typically a few tenths of
a ppm. The purified gas was liquified in a storage dewar from which the liquid
could be transferred to the detector cryostat via a vacuum-insulated transfer
line. Cryogenic temperatures were maintained in each vessel by sensing the liquid
argon vapor pressure and controlling the flow of liquid nitrogen through internal
cooling coils. Even after many months of storage, and several transfers between
storage dewar and detector cryostat, oxygen content remained at or below the
1 ppm level.

In the detector cryostat, temperature and 1iquid level were directly mon-
itored by thermistors. If the detector had to be accessed for repairs, the liguid
would be transferred out of the cryostat and twelve 100-watt heaters on the
detector cradle could be powered to speed warm-up.

The cylindrical shape of the cryostat made it necessary to include a thin-
walled box to displace the liquid argon in front of the detector (see Fig. 2).
This stainless steel container was packed with hollow glass microspheres
(density approximately .08 gm/cc) to prevent it from impleding when it was

evacuated.



III. ETectronics

Figure 3a shows the block diagram of the front-end electronics for the detector.“
The ganged strips from the detector, with a total capacitance of 2.5 nF/channel,
were connected to individual amplifiers through multiconnector flat cables that
had impedances of 107. The cables were back-terminated at the detector. The input
impedance of the amplifiers {(~ 40 2 at 0.1-30 MHz) was only approximately matched to

that of the cables; consequently, the cables were properly terminated only at one

end. This did not cause difficulty (e.g. ringing) because the pulse rise-times
were long (~ 300 ns).
The charge-sensitive amplifier consisted of a capacitively fedback amplifier

with a high gain-bandwidth (approximately 10% Hz). The amplifier output passed
through a 400 nsec lTumped delay element to the sample-and-hold section. The CMOS
switches SW1 and SW2 could be opened at the times appropriate for measuring the
rise in the output for the event of interest. In Figure 3b, the second hit is
measured by having the switches open at the times shown. After both switches have
opened, the output of the difference amplifier is proportional to the integrated
charge for the event of interest. This novel method of baseline subtraction
obviated the need for complicated and expensive pole-zero cancellation to achieve
fast baseline restoration. Another advantage of this method over single switch
sample-and-hold designs is that the small noise charges which are injected onto
the holding capacitors when the switches open tend to cancel out in the difference
amplifier, thereby improving pedestal stability and reducing system noise in the
analog outputs.

Outputs for triggering purposes were provided by another difference amplifier
driven by the front end. Baseline restoration was accomplished by delay-line dif-
ferentiation using a 200 nsec tap in the lumped delay element. The fast trigger
outputs could be appropriately weighted, summed and discriminated to form an
overall calorimeter trigger decision.

When the final event trigger was satisfied, the sample-and-hald switches

were opened so as to 'trap" the desired event. The sampled signals were then
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digitized and read as shown in the block diagram in Figure 3c. Twenty amplifier
cards and one scanner module were housed in each of six CAMAC crates. The scanner
would select one of the amplifier cards and one of the four channels on that card.
It would then multiplex into itseif the sampled-and-held output of that channel.
If the amplifier output exceeded a specified readout threshold, the scanner would
send the amplifier analog output to the Master Controller meodule, along with a
"Data Available" signal. This controller module would digitize the amplifier

na b 2md o~ gnA lhn Ad~ad+3wnad wa 1+
analog output and send the digitizea result,

)

to a CAMAC buffer memory module. After all channels over threshold were digitized,
the buffer memory was read by the PDP-15 online data acquisition computer,

A more complete description of the readout electronics may be found elsewhere."

IV. Event Reconstruction

During one experiment (E272), an amplifier channel was read out only if the
signal in it was larger than a preset threshold (corresponding typically to
100 MeV deposited per channel). In a later experiment (E629), many soft (1-2 GeV)
photons had to be detected, so all channels were read out for each trigger.

The event reconstruction for both experiments used the same program, with
only some fitting parameters being different. In the first two steps the two co-
ordinates {X,Y) for the front of the LAC were treated separately. In the first
step, groups of neighboring strips containing significant energy were found, and
in a second stage these groups were split into individual peaks. Two peaks were
considered distinct if at least one channel between them had a jower pulse height
than either of the peaks. The projected (X or Y) enerqy was determined for each
peak, after the tails from neighboring peaks had been subtracted. This procedure
was iterated until the energies and locations of all peaks in a group were stable
in successive iterations. In order to minimize the sensitivity to neighboring
peaks when determining the energy in each peak, an algorithm was developed which

used the measured shower shape to predict the overall energy and position from only
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three pulse heights: the peak channel and the two immediately neighboring channels.
After all peaks were identified in the front of the LAC, in both the X and Y

views, the two views were correlated using the energy as the correlation parameter.

Subsequently, the energies observed in the back of the LAC were added to the

lTarger signals identified in the front, to form the total shower energies. Because

of the good intrinsic resolution, and due to the fine interleaving of the X and the

Y views, the pulse height in the two views is highly correlated. Figure 4 shows

a scatter plot of the pulse heights in the X and Y strips for electrons from Ke3

decays. The two projections each provide an independent energy measurement which

is a factor of v2 less accurate than the overall energy obtained from the sum of

the two measurements.

The correlation between the two views had to take into account the pos-
sibility that two photons overlap each other in one view while being separated
in the other. After eliminating all correlated isolated peaks from further con-
sideration, the reconstruction attempted to correlate the energy in two peaks in
one view with the energy of a singie peak in the other view. When such an overlap
of two photons was found, the positions of the two photons in the overlapping
view were redetermined by an overall fit to the peak, using the energy information
obtained from the non-overlap view. This two parameter (2 positions) fit to
overlapping photons converged rapidly even if the peak was not completely sep-
arated from the tails of other nearby peaks, while a 4-parameter fit (2 positions
and 2 energies) even to a peak with an obvious shoulder tended to yield poor con-

vergence and ambiguous results.

V. Detector Performance
A. Description of the experiments
The detector was used in two Fermilab experiments, E272 and E629, between

1978 and 1981. The goal of E272 was the measurement of coherent dissociation pro-
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cesses, primarily coulombic production in nuclei.?® E629 was a test of the feasi-
bility of measuring direct photon production at high Pt using a liquid argon cal-
orimeter (LAC). In both experiments the detector performed reliably and provided
excellent resolutions. In this section we present these results and compare
resolutions achieved under various running conditions.

Figure 5 shows a plan view of the E272 layout. Charged particles from inter-
actions in the target and from K++ﬂ+w0 and K++n°e+v decays of beam kaons were
momentum-analyzed with four stations of drift chambers and an analyzing magnet.
Photons passing through the magnet aperture were detected in the LAC, which was
centered on the (deflected) beam. (The beam was focussed so as to pass through
the 1.8 cm central beam hole of the LAC.) iIncident beam energies were 156, 200
and 260 GeV. The beam intensity was typically 5x105 particles per second onto a
.03 interaction length target. Most of the data were accumulated with a 200 GeV
positively charged beam; it is this set of data that we will concentrate on here.

At various times during E272, we retuned the beam energy to 50 GeV, at
which energy electrons constituted about 10% of the negatively charged beam. The
detector was moved in small steps across the beam so that each X-measuring strip
was hit by about 500 electrons. A vertically-deflecting dipole magnet upstream
of the target was used to sweep the beam across the Y-measuring strips on each
side of the detector. Because the energies of the electrons were smeared by
bremsstrahlung in material in the beam Tine upstream of ocur apparatus, the
momentum of each electron was determined from data using the charged-particle
spectrometer.

These sweeps constituted the electron calibration of the detector. The data
were used to find the relative gains of individual amplifier channels. Calibra-
tion constants in the reconstruction programs were adjusted toc give the best
agreement between the electron energies and positions given by the LAC and those

measured by the charged-particle spectrometer. For both energy andposition, the
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spectrometer provided more accurate measurements than the LAC:; thus the observed
resolutions are primarily due to the LAC.

During E272 data-taking, K7 and K mte ™y decays of beam kaons were
recorded along with events from the primary triggers. Positrons from the Ke3
events provided a natural means for studying the linearity of the detector,and a way
of comparing enerqgy and positions resolutions achieved wunder data-taking con-
ditions with those obtained during the special electron calibration studies.

o i+‘o events were used to study the system's ability to handle
two showers which are near each other and thus overlap to varying degrees in one
view, or in both.

Figure 6 shows the experimental setup for E629. The detector was centered
at about 110 mr relative to the beam 1line, with the beam tuned for 200 GeV pos-
itively charged particles. The intensity was typically 107 particles per second.

In this experiment we measured the production of w° mesons and single (direct)
photons produced in the py range from 2.5 to 5 GeV/c. The corresponding energy
range was approximately 25 to 50 GeV. Nine planes of proportional wire chambers
tracked particles on the LAC side, but there was no momentum analysis. Due to
severely restricted beam time at Fermilab in 1981, there was not sufficient

time for an electron calibration during the execution of E629. Instead, we meas-
ured retative amplifier gains by injecting puises of fixed charge intoc the amp-
Tifiers. The E629 data will demonstrate that the LAC system can handle high

narticle-nultinlicities, determine the direction of incidence of photons, and

orovide excellent timing information.

B. Charge Collection
In Figure 7 we show the ratio of the collected charge to that available as
a function of applied voltage, where the total available charge is given by

E{GeV)

Q = ef g (])
52.8 = 10~
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where e is the electron charge, £ is the incidentrphoton {or electron) energy,
and f is the fraction of the photon energy deposited in the liguid argon., For
our detector f was 0.16. At our operating voltages the detector collected about
41% of the total charge given by equation {1}.

In a report on a liguid argon detector used at the ISR, Cobbd, et.al?
state that the collected charge in Eq. (1) is correct for muons, but ~30% too
high for incident electrons. The data in Figure 7 do not seem to approach even
this lower level. For reasons not well understood, the charge collection im-
proved by 30% during the execution of E272. As inferred from the observed
value of the reconstructed © mass and of the total energy from K2- events,
this produced a small increase in puise height as a function of time. We have veri-
fied that the applied voltage and the amplifier/ADC gains were constant and are
therefore compelled to attribute this gain increase to a slowly improving charge
collection. We suspect that the improvement may have been due to the slow
freezing out of unknown electronegative fmpurities in the 1iquid. The final
value for charge collection was about 55% of that given by equation (1), which
is in fair agreement with the expectations of Cobb, et.al. The E629 charge
collection remained constant at the indicated operating point. For both ex-
periments, the observed loss in charge is not attributable to the presence of
oxygen.

The variation of gain with time illustrates a virtue of the liquid argon
calorimeter. We found it easy to monitor this slow change, and thereby correct
the reconstruction programs simply by multipliying the gain constants of all

channels by a single, time-dependent, factor.

C. Electren calibration
In Figure 8 we present the energy and position resolution for the 50 GeV
electron calibration in E272. Figure 8a shows the distribution in the variable
ELAC/ESP , where ELAC and ESP are the electron energies as reconstructed by the

photon detector and spectrometer respectively. The contribution of the spectrometer
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resolution to the observed width is given by the narrow peak, and is clearly
negligible. The curve through the data is a gaussian whose rms width is
AE/E = 1.46% . Expressed in customary terms, o(E)/E = 10.3%/vE(Gev), for
the 50 GeV electron calibration.

Figure 8b shows the position resolution. Again,the narrow gaussian shows
the contribution to spatial resolution expected from the spectrometer. The
gaussian curve through the data points has an rms width of 0.67mm . Unfolding
the spectrometer resolution, we arrive at a spatial resolution (in one pro-
jected view) of 0.58 + 0.07 mm for the LAC.

These excellent resolutions have been achieved under the following con-
ditions:

1. The beam intensity was low.

2. Only one particle was incident on the LAC per event.

3. The data were taken over a short period of time; thus
the effect of slow drifts in pedestals and gains was

minimal.

4. The reconstruction program calibration constants were
tuned to achieve the best results.

In the following section we compare these results with resolutions ob-

tained under normal experimental conditions.

0. Performance during E272
Figure 9 shows the energy resolution for positrons from Ke3 decays col-

lected during E272 data-taking. The plotted points are the squares of the rms

widths for the distributions obtained from a comparison of ELAC and ESP' That
15’ 2 Y2
og” = (Eac - Esplims) (1).
The dashed line through the data is given by
o?(GeV) = {0.14 /E(GeV))? + (0.55)2 (2).

The result for the electron calibration is shown for comparison. Resolution for

these data s worse than for the 50 GeV calibration noint by a factor of ~1.5.
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We attribute this difference to the following effects:

1. High beam intensities will occasionally produce amplifier
pedestal shifts due to particles, uncorrelated with the
Kez event, striking the detector at random times.

2. For Ke3 events, the photons from the w°-decay will sometimes
strike the LAC near the position of the positron, this will
produce overlapping showers that lead to inaccuracies in re-
construction of the positron energies.

3. The Ke3 data were accumulated over several months, whereas
the calibration data were gathered in about 18 hours.
Conseguently, the calibration data do not suffer from
inaccuracies in monitoring drifts in pedestals and gains
of individual amplifier channels.

4. The positrons from Ke3 events are spread over the face of
the LAC in X and Y, whereas, for the calibration data, the
electrons (in the X-sweep) always hit the detector at the
same Y-position. From studies not presented in this paper,
we infer that the charge collected by any typical X-measuring
strip varies with the Y-position of the hit along that strip.
This variation is somewhat greater than 1%; it will be re-
flected in the Ke3 resolutions but not in the calibration
data.

Next we present m°-mass resolutions from K - m® decays. For various n°-
energy intervals between 40 and 180 GeV, we have calculated the rms widths of
the vy spectra at the w° mass. The data are shown in Figure 10. For simplicity,
we have used only events for which the ratio of the two photon energies falls
in the range 0.5 to 2.0; that is, we have excluded events with highly asymmetric
7% decays. The dashed curve is the result of a calculation using the energy and
position resolutions obtained from the Ke3 events. The calculation agrees with
the data points to within 50% between 120 and 160 GeV, but is a factor of two
low at the extreme energies. Thus,the observed mass resolution does not appear
to be cominated by the resolutions for the individual photons, but rather by
difficulties in reconstructing events with two nearby, and often overlapping,

showers. The smooth curve in Figure 10 demonstrates this. It is from a Monte
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Carlo calculation in which photons from simulated K++w+w° events deposited

energy in the detector according to the measured shower shape. The energy in
each strip was then given an rms jitter of o = 0.14 vr;;;;;TGEVT.

The resulting pulse height array was passed through the reconstruction program,
and used to calculate m° mass resolutions for the reconstructed events. The Monte
Carlo agrees with the observed resolutions much better than does the curve cal-

culated from the single shower resolutions obtained from Kes events.

E. Performance during E629

The E629 data is characterized by higher multiplicities than those in E272.
Figure 11 demonstrates the ability of our LAC to permit reconstruction of these
complicated events. The 2y mass distributions (for Pt greater than 2.5 GeV/c)
in the 7% and n regions are presented for events with 2, 3, 4 and > 5
photon showers in the detector. The mass of each 2y combination is plotted; for
the 4 photon distributions, for example, up to six combinations can be plotted for each
event. A clear ¥ signal is evident for all multiplicities, and the «° mass re-
sofution does not deteriorate dramatically as multiplicity increases. An n + yy
signal of constant width is evident for all but the highest multiplicities.

The major backgrounds for high Py direct-photon measurements can be
categorized as follows. (1) Single photons or hadrons that originate upstream
of the target (typically, parallel to the beam line), in random coincidence
with a beam interaction in the target; (2) Triggers in which two beam inter-
actions occur within a short time span of each otner, thereby causing energy
pile-up and distortion of signals from the LAC; (3) Events that have only one
of the photons from =% or r° decays hitting the LAC. The third kind of back-
ground can be handled in a straightforward manner using the measured -° and n°
yields. To combat the more severe backgrounds from items (1) and (2), we used

the front and back section of the calorimeter to determine the directions of
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the incident photons, and we timed each amplifier's fast output puise with time
to digital converters (TDC's).

Figure 12 demonstrates the method used for eliminating photons that did
not originate in the target. A photon from the target, traveling along the
dashed 1ine, will deposit mast of its energy in the front half of the detector

at position XF, and the rest in the back half, at position X On the other

B
hand, a photon or particle striking XF, while traveling parallel to the beam

direction will have its energy displaced from the expected position in the

B
tribution shouid be centered at zero. Figure 13 is a scatter plot of &XB versus

back by X -XB = AXB. For photons that originate from the target the AXB dis-
XF for events in which only one photon was found in the detector. Two distinct
bands are present: one, corresponding to sources from the target, centered at
i¥g = 0 (independent of X_), and another tilted relative to 2y = 0. The
tilted band is that expected for the dependence of AXB on Xe for off-axis
pnotons traveling parallel to the beam direction. (The two horizontal gaps

are due to dead amplifiers in several of the back X-strips.) Taking the rms
width of the central peak, and estimating the effective lever arm between

front and back of the LAC, we find an angular resolution for determining the
directions of incident photons of =30 mr (rms).

As mentioned previously, the amplifiers for all fron X strips were con-
nected to low-threshold discriminators whose outputs went to time digitizers.
Figure 14 shows the time of arrival for single photon events in three ranges of
pr- The times were cbtained from the TDC channels corresponding to the central
X-strips of the photon showers. (The effect of applying a cut in AXB so as to
efiminate off-axis photons is shown by the shaded distribution.) In the 2 to 3
GeV/c pr range, the distribution is a narrow peak centered at the value expected
for in-time photons. The rms width is about 6 nsec. In the 3 to 4 GeV/c pr range,

in-time photons from the target still dominate, but for Pr values higher than 4 GeV/c
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most events are out of time and do not originate from the target. The distribu-
tion in Figure 14c can be understood as follows. The veto circuitry protected

the trigger against accidentals occurring within 100 nsec before and 50 nsec

after a beam interaction in the target. (By accidental, we mean energy deposition
in the detector sufficient to satisfy the Pr threshold, but in random coincidence
with a 1ow—pT interaction in the target.) We could not extend the veto protection
beyond 50 nsec after the prompt time because of the necessity of gating the LAC
amplifiers at the correct interaction time. Before the directionality cut is
applied, most of the events in Figure 14c fall beyond this 50 nsec protection
cut-off. (As a further indication of the timing resolution, the 19 nsec r.f.
structure of the beam spill stands out clearly.)} When off-angle photons are re-
moved (shaded data), the resulting distribution shows a small peak of in-time
photons, in addition to other small peaks at subsequent r.f. "bucket" times.

After cutting away these out-of-time events, we are left with a clean sample of
single photons originating in the target and in coincidence with a beam inter-
action.

To confirm the presence of a direct-photon signal in the £629 data, we had
to impose restrictions based on the above described timing and directionality
characteristics of the photon showers. In addition, we applied cuts based on
the difference in response of the LAC to hadron-induced and to electromagnetic
showers.

The use of Pb plates in our LAC provided a device that had a thickness of
25 radiation lengths, but only 1.2 absorption Tengths. This allowed a very high
level of discrimination between electromagnetic and hadron-induced showers. To
be explicit, in Fig. 15a we display the fraction of pions which deposit more
than a given percentage of their total energy in the LAC (these data are taken
from E272). In Fig. 15b, we present the fractions of pions and electrons

(equivalent tc photons} which deposit less than a given percentage of their



-18-

total deposited energy n the back half of the LAC (we have excluded the 30% of

the pions that deposit less than 10% of their total energy). It should be noted
that a cut on EBACK/ELAC of <.2 will have the effect of eliminating 90% of any
pion-induced showers (misiabeled as electromagnetic), at a cost of only 10%
of the electrons. When considered in combination with the consequences of
Fig. 15a, it is clear that the LAC provides excellent discrimination against
hadron background to high-energy photons. Additional discrimination is available
in the difference in the transverse shapes of the two kinds of showers. This is
demonstrated in Fig. 15c, where we display the shapes observed in E272 for
electromagnetic and hadronic data. The results of Fig. 15 for electrons agree
entirely with EGS Monte Carlo simu]ations.5

A typical cut of 0.3 on EBACK/ELAC was used to reduce hadron contamination

of the photon data. There was no need to apply additional restrictions based

on Fig. 15.
VI. Summary
We have described the performance of a large liquid argon photon calorimeter
in two experiments at Fermilab. We have presented the first systematic comparison
of resolutions achieved in calibration studies with those obtained during normal
experimental conditions. The ability of the detector to determine incident
directions was clearly demonstrated, as was, for the first time, the use of
time digitizers to enhance the rate capabilities of liquid argon calorimeters. .
Comparing electron calibration resolutions with high intensity results, we
have found similar spatial resolution, but poorer energy determination for the
high intensity data. The difference is attributed to reconstruction problems
caused by the presence of other photons and particles, and by inaccuracies in
long term monitoring of drifts, and to slight {(about 1%) variation in detector

. . 0 .
gain over the active area. The observad -~ mass resclution cannot be
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understood solely from the resolutions obtained with isolated showers. Recon-
struction inaccuracies caused by errors in unfolding the two nearby photon
showers are found to be a dominant source of errors in mass determinations.

We regard the resolutions obtained by our detector as excellent. After
the initial setup period, the LAC system performed reliably and required little
attention. The liquid argon remained pure over long periods, even when loss
of cooling caused venting of the gas through relief valves for periods of up

to 12 hours.
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Figure Captions

1. Exploded view of the liguid-argon detector.

2. Schematic of the cryostat and cover plate.

3. Block diagram of the front-end electronics and read-out system.

4. Scatter plot of the pulse heights in the X and Y strips of the LAC.

Schematic diagram of spectrometer for experiment E272.

oy N

Experimental arrangement for E629.
7. Ratio of collected to available charge as a function of applied

voltage on the LAC.
8. Energy and position resolution for 50 GeV electron-calibration run

in E272.
9. Energy resolution for positrons from Ke3 decays in E272.
10. Mass resolution for t°'s from kKt o ot decays, for data from E272,

as a function of =° energy.
11. Two-photon mass distributions in the ™ and n mass regions in E629, for

2-vs 3-v, 4-v and >4-v events, for Pr > 2.5 GeV/c.
12. Geometry used for establishing whether photons originate from the target.
13. Scatter plot of the difference between observed and expected positions

of showers in the back of the LAC and the lateral position of the shower

in the front of the LAC {(relative to the center of the detector).
14. Times of arrival of energies for single photons in the LAC as a function

of Py Photons in-time with interactions in the target are at t=0.
15. Characteristics of showers. ({a) The fraction of hadrons that deposit more
than a certain percentage of their energy (EHAD) in the LAC.
(b) Ratio of the energy deposited in the back of the LAC (EBACK) to the total
energy (E )  observed in the detector. Data are shown for electrons and
for hadrons that deposit a measurable amount of energy. {(c) The fraction of
energy deposited by electrons and hadrons in a 1.27 cm wide strip as a function

of the distance of that strip from the centroid of the shower. The electron
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data are mainly from the 50 GeV caiibration run and some from Ke3 decays
(electron momenta between ~20 and ~ 100 GeV/c). The hadrons are pions

from K_, and K_, decays (momenta between~20 and 180 GeV/c).
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