Chapter 1 Electron Calorimeter

1.1 Overview

The Electron Calorimeter is designed to provide @vent trigger for the experiment. This
initiates data acquisition, in particular the reaidof the tracker which provides the high resolutio
momentum measurement of the helical electron tracladdition, the calorimeter provides an energy
measurement for the electron and a 3-dimensionsitipp measurement for one point on the helical
track. While the energy resolution does not compéth the momentum resolution of the tracker, it
provides a measurement that is independent froomtimraentum reconstruction in the tracker.

The principal conclusion of the background studiethe MECO Physics Proposal is that, as in
earlier experiments, electrons from muon decayriit DIO) are the dominant source of background.
In the free decay of a muon at rest to an elecrahtwo neutrinos, the electron's energy is at rnakt
the muon rest energy, but in the decay of a boundmthe energy approaches that of the conversion
electron,[1105 MeV, when the two neutrinos carry away littteergy. In this limit, the electron recoils
only against the nucleus, mimicking the two-bodyagass that distinguishes muon to electron
conversion. The spectrum (Figutel) falls rapidly, asEmax— E)° near the kinematic limit, but deviates
from this form at lower energies. To eliminate DI® background, good resolution in the measurement
of the electron's energy is required. In MECO ftkiglone in two steps: the calorimeter is used to
minimize the number of DIO electrons that must balgzed, while the tracker eliminates the bulk of
the remainder of these events.

Muon Decay in Orbit on Al27

0 20 40 60 80 100 120

Electron Energy, (MeV)
Figure 1-1: Differential energy spectrum for muon decay in bitiAl.



However, the rapid rise of the DIO signal with Emwenergy is mitigated by the fall of the
geometrical acceptance with lower energy, a featha¢ was an essential part of the experimental
design; the detectors are built not to intercepttebns below about 50 MeV. Figute? shows the rapid
fall off of the geometrical acceptance with decreg®lectron energy, required to avoid the huge @t
decay electrons below 52.8 MeV.
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Figure 1-2: Fall-off in geometrical acceptance with decreaslegtron energy required to reduce triggers frooagle
electrons.

Assuming that the resolution function is Gaussiae probability of a DIO electron being
measured to have an energy above a threshpid given by
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where N(E) is muon decay in orbit spectrurgoHE) is a geometrical acceptance of the caloriméer,
is a true electron energyuBEs a measured electron energy, andxEis a maximum electron energy
equal to 104.963 MeV for an aluminum target. Thebpbility of DIO contribution to calorimeter
events {meco145} is shown in Figute3 for different resolutions.
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Figure 1-3: Probability of DIO contribution to a calorimetereats versus the threshold energy Ey — En.x measured
from the endpoint for different resolutions. THieet of thegeometrical acceptance has been folded in.

As can be seen in the figure, if the energy regmiudf the trigger calorimeter is halved for theetshold
energy kg = 80 MeV, the trigger rate and final data samjte are reduced by a factor of 5. In these
results the geometrical acceptance (see Fitiriteplays an important role suppressing the coation
from the electron spectrum below 70 MeV.

The expected number of DIO events in the calorimdteing the lifetime of the experiment can be
estimated as
N =1, Epe{l- &) T P,

gate

where }is an average proton flux>410- Isec.gupis a muon stopping efficiency in the Al target per
primary proton 0.25% ggaeiS @ measured efficiency during the 650 nsec windixtending from 700
nsec to 1350 nsec after the pulse 50 %, P is apiitly of DIO contribution events to a signal reqi
above the threshold energyin the calorimeter (see Figute3), ecapiS a probability for a muon to be
captured 60 % .

The calorimeter provides the trigger for the expent. A lower threshold leads to many more false
triggers in the data sample (Taldlel) that must be reconstructed, without errorthi@ tracker. The
additional triggers indeed come from lower energgteons, for which the probability of confusiontiwi

an 105 MeV electron is small, but the number is Imgeceater; there are 20 times as many decay
electrons in the region above 80 MeV as there laoee@a90 MeV if the resolutioa = 5 MeV.



Table 1.1: Expected number of DIO events in the calorimetedfif sec. The energy-resolution and geometrical
acceptance are included.

Threshold Energy (MeV) 75 80 85 90 95

Number of eventso(=5 MeV)| 7.2x10 | 2x10F | 5x10 |1x10]1.7 x 10

Number of eventso(= 8 MeV)| 1.4 x 16°| 5.4x 10| 1.8x 10 |5x 10 | 1.2 x 1G

The calorimeter also provides additional meaningfahstraints on the event, ones that help
directly with pattern recognition and lendsedibility to any signal obtained from the trackdhe
energy resolution can about 5% and an energy ebectli, y, z2) coordinate on the trajectory can be
determined to about 1.5 cm (RMS). The event topolagd the high crystal density makes possible a
large acceptance for conversion electrons, 80%ewhe acceptance for neutrals is just 14%, redci
the rate from gammas and neutrons that reach tieetdedirectly from the muon target.

1.2 Crystal Choice and Detector Geometry

Tablel1.2 gives the properties of a variety of crysthlt thave some appeal for use in high-energy
experiments. In our application, a high rate esrvnent with a pulsed beam producing a large “flash”
of particles every 1.35 microseconds from which tietector must recover before the observation
window starting some 600 nanoseconds later, tleeneed for a short scintillation decay time constan
short radiation length (dictated by the MECO geagndéescribed below), relatively reasonable cosd, an
sufficient light yield at our low energy of 100 MeV

Table 1.2 : Properties of Scintillating Crystals. Measured figields vary greatly depending on dopant concéiotnacrystal
quality, and the accuracy of corrections for lighliection efficiency and detector quantum efficdgnConsistent
comparisons to the literature for GSO, BGO, and BQ\&te achieved if the relative yields in the tabile @ormalized to ~5
x 10" photons/MeV for Nal(Tl).

Crystal GSO | BGO | CWO | CeR | BaF2 | PbWO, | Csl Csl LSO Nal

(Ce) (TI) (TI)
Density, 6.71 | 7.13 | 7.90 | 6.16| 4.89 8.28 | 4.53| 4.53 7.40 | 3.67
gm/cnt

Rad.Length,cm 1.38 | 1.11] 1.06 | 1.68 | 2.06| 0.89 | 1.86| 1.86 114 | 2.6

Decay Con.,ns

fast 30-60| 300 | 5000 | 8 0.6 <15 10 12 230
slow 600 20 | 620 100 | 1000| 1000 47

Light Yield, rel

fast 20 10 | 30-40, 4 5 0.7 4 ? 100
slow 2 4 16 0.007 4 80 50-75
Peaki

fast 430 | 480 | 480 | 300 | 210 440 305 420,460| 415
slow 430 340 | 310 560 | 560 | 420,460
Temp. Coeff. % -1.6 0.14| -2/0 -2 ~0
=°C

Rad Hard. (rad) >10° | 10°°° 10°7" | 107’ 10°




We have made the choice of lead tungstate, PH\WD the electron calorimeter. This choice,
and our own laboratory studies leading to it, wexspired by the rapid progress made by the CMS
Collaboration and their industrial partners in depang lead tungstate scintillating crystals foeua
very high energy calorimetry at the LHC. The hagnsity with a radiation length of 0.89 cm andrsho
scintillation decay time of less than 15 ns mak&/Eh very favorable for this application. The one
difficulty with this crystal, a low light output BLtimes less than BGO) was a concern for the logvgn
100 MeV application. However, in our lab teststpioblem was overcome by:

« Cooling the crystals to —24C. This increases the light yield of PbWhy a factor of 2.3. At
this temperature the scintillation decay also iases to about 25ns, still comfortable for the
pulsed, gated application.

* The recent development by several companies, Agpieotonics, RMD, and Hamamatsu, of
large area Avalanche Photodiodes of 1 to 2, éncreasing the light collection significantly.

* The readout of a crystal by 2 APD’s to further emse the light yield and also solve the APD
Nuclear Counter Effect: a charged particle in tHeDAwill produce a very large output signal
which could be misinterpreted as high energy frtma calorimeter. Comparison of the two APD
amplitudes allows the rejection of these spuriogsas.

» Our investigations with potential vendors, and theerience of CMS, ALICE and BTeV,
indicate that PbWQ crystals can be made in the needed quantity ateeptable cost.

Along the way we had examined several other dl@tar choices. BGO has a very favorable
light yield, reasonably short radiation length, batunsuitably long decay time of 300ns. Crystasle
from GSO or LSO, although not quite as dense, nhghinore suited to our application in other respect
and would be the better choice. The light from ¢hepystals has shorter decay time by an order of
magnitude, is 2 — 3 times greater than the lightnffBGO, and at least 30 times greater than that fro
PbWQ, The use of these crystals would result in comaiglg better resolution, but inquiries into
obtaining GSO, for example, have led to the conatushat the cost is far too high and a substantial
production run to make the required number of algsis currently unlikely. Two crystals with
substantial light output and sizeable fast comptmemwe Cek and pure Csl. There is no slow
component in the light output from GeFrhe light output of cesium iodide has a subssriti/s
component that would probably have to be filteredl ia this high rate application [118]. For both of
these, their longer radiation length in the 1.B-dm range , makes them less attractive in theqzegh
geometry.

The electron calorimeter consists of 4 vanes, eabtiigh density bar that functions as a total
absorption calorimeter. As shown in Figurd, the bars are separated by B0azimuth, located at 3, 6,
9, and 12 o'clock. The active region of each baereks radially front = 39 cm tor = 69 cm, to match
the active region of the tracker that is upstreih o
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Figure 1-4 Crystalcalorimeter. The four vanes consist of crystal$2mx 3.75 cm on a side and 12 cm in depth.

The length of the calorimeter along the beam, &mdepth for containing the electron showers
were selected by a Monte-Carlo simulation of thiecter acceptance, with results shown in

Figure1-5. Based on this figure, a depth of 12cm (13.5ataain lengths; ~18 r.l. for a typical
incidence angle of #5and a length of 120cm along the axis of the smtkrthez-axis, were chosen as a
reasonable compromise between cost and accepiEmeeapiraling electrons strike one, but not both, o
the 120 cmx 30 cm surfaces and are absorbed in the 12 cm tatirimeter. The individual
calorimeter cells are 3.563.75x 12 cn? crystal cell, with the transverse dimension a gowdch to the
PbWQ, Moliere radius of 2.2 cm. With the chosen dimensjdhe number of crystal cells in each vane
is 256 for a total count of 1024 crystals readlmu048 APD's.
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Figure 1-5: Relative acceptance vs. calorimeter length for difierent depths, for an 80 MeV threshold. The egrare
normalized to the acceptance at 150cm, a lengtiegiponding to a full turn of the helical trajectdoy a typical electron.

1.3 Detector Efficiency and Coordinate Resolution.

The four-vane geometry was studied using a full GIEEAsimulation of the detector. Electrons of 105
MeV were generated in the aluminum target and trabeough the tracking detector to the electron
calorimeter, which extends from 5.7 to 6.9 m frdme £nd of the muon target. Only ‘good’ electrons,
those producing quality tracks in the tracking d&ie were retained for the calorimeter study. iguiFe

1-6, the reconstruction efficiency of the detedsoplotted as a function of the threshold imposedhe
reconstructed energy. In the studies, electronsansidered only if they make total energy depositi

in the calorimeter above some low threshold 10 M&Wigh energy-threshold can be imposed using the
crystal calorimeter, eliminating the need to trémlk energy electrons from muon decay in orbit.

The crystal calorimeter geometry permits the retanson of three coordinates of the particle
position at the calorimeter entry, independentlytlod tracker. To estimate the detector coordinate
resolution, the cell energies obtained from a GEAdWhulation were projected onto the radiabry,
and z axes. An energy weighted sum of the coordinateth@fcenters of the struck cells was used to
estimate the impact coordinate of the electrohaturface of the calorimeter. The coordinate e,
using a center gravity method, is 1 cm and 1.5 &SRor z and radial (x or y) coordinate respectyvel
The resolution in the radial coordinate is worsednse of shower leakage from hits near the edges of
the bar, which is not as significant in the measumet of thez-coordinate. The resolution in the radial
coordinate can be improved using the shower proftlds clear that this well measured position,

correlated with the energy deposition in the triggalorimeter, provides a valuable constraint om th
event.
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Figure 1-6: The calorimeter reconstruction efficiency versugshold energy

1.4 Energy Resolution

The location of the trigger calorimeter in a 1 Tgmnetic field, the large initial high-rate flash
before each data acquisition windoand severe time constraints imposed by the beamostiacture
provide the major challenges to obtaining good gyeesolution in the calorimeter. The 1 T field raak
it difficult to take advantage of the broad bandwjdcigh gain and low noise of photomultiplier tshe
this application. To overcome the magnetic fieldgdem, many experiments have turned to sensing the
light from the crystal using avalanche photodiodemnetimes coupled in a creative fashion to the
crystal {Lorenz:1986}. The high quantum efficienof these devices and the stability achieved when
they are coupled to a charge sensitive amplifieramvantages not shared by photomultiplier tubks. T
down side is that electronic noise is introducedensing and amplifying the diode photocurrent, due
primarily to the thermal noise associated with tf@nnel resistance of the field effect transistor
commonly used at the input stage of the amplifidiis series noise is largest when short shapingsim
in the amplifier-filter network are necessary, ahddds an energy independent component to the
fluctuations in the diode dark current that patacly affects resolution at low energy.

There are contributions to the electron resolutilmm several sources, namely the energy
deposition, electronic noise, photo-statistics, gnlup background fluctuations. These will be
examined in turn.



1.4.1 Energy Deposition

The spectrum of energy deposited in the calorim&tewn in Figurel-7, is visibly non-gaussian, has a
full width at half maximum of 4 MeV and a long le@mergy tail from energy leakage, particularly for
hits near the radial edge of the detector.
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Figure 1-7: Energy deposited in the crystal calorimeter fom a GEANT simulation; bin size is 1 MeV.

The energy deposited in the calorimeter is shammdng many individual crystal cells. The
distribution of the number of cells hit, with a meaf about 7, but extending up to 14, is shown in
Figurel1-8 . It is the task of the calorimeter reconstructiorsaftware to combine the information from
the hit cells into an optimized calorimeter resiolnt
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Figure 1-8: Number of cells inu-e event with energy deposition greater than 1 MeV.

To the above energy deposition spread must be atthderesolution contributions from other sources.
The resolution is often described by the quadrature of three contributions:

o(E)= AOBJVE OCE.

The first term is the contribution from electromicise and the second is due to photoelectron tstatis
The third term, proportional to the energy E, inlds several effects: intercalibration errors, non-
uniform light collection over the crystal, fluctimts due to energy leakage, and, if not monitored
effectively with time, collective temperature andirgdrifts. Sometimes a fourth empirically observed
term is included, proportional ta"and of order 1%.

1.4.2Electronic Noise

Great progress has been made recently in usingatrgalorimeters at low energy. The
development of large area photodiodes with largdetien depths, and therefore small capacitance, ha
been important in improving the signal-to-noiseiaraat low energy {Kubota:1992}Barlow}.
Avalanche photodiodes (APD's), typically with gaimis100 — 200, can be used to reduce the series
noise or to achieve smaller shaping times.

The first term in the expression fe(E) is often most difficult to limit at low energyhen using
photodiodes. The quantity A in the equation abevealled the equivalent noise energy and is the rat
of the equivalent noise charge, expressed in wfithe electron's charge, to the light collectedjn_.
photoelectrons per MeV. Figufe9 shows the equivalent circuit used in this asialyo calculate the
noise level from an APD connected to a Pb)Wystal. The current,lis the signal current after
amplification by the photodiode gaM and g is the noise associated with the series resistahtiee

diode, expressed in units VolkAHz . The RMS fluctuation in the dark current of the [thode j, with
surfacels and bulklg contributions, is



i, =My2e(I_/MZ+FI,), (M=200, ¢~10nA)

in units of AWHz . The symboF is the excess noise factor,
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that originates from fluctuations in the gain Mdaalso results in an increase in the photostasigticor
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whereNg is the number of electron-hole pairs generatetthéndiode. The diode capacitancgddd the
FET input capacitance@re also shown, as well as the thermal noise iboitbn from the FET

channel resistance.e Table1.3 summarizes the values of the parameters usttkipresent exercise.
They are very device dependent.

DETECTOR

= Cha
Cdl Rb I A\I,:\/\-O-I :

¥ Cas ' 7
i () T e
I A

s Inp
Ing |

BIAS SERIES e
RESISTOR RESISTOR ‘ ‘

‘ FILTER ‘

Figure 1-9: Equivalent circuit used in simulation of electroniise.

The equivalent noise energy is obtained by settiegsignal equal to the RMS noise voltage,

Vg =2 F(t

signal — C
f

max) = Vrms

where F{(nay is the response of the circuit to the input frima scintillation light at its maximum, the

time it is sampled. The scintillation decay time of the is includedF(t) as a single exponential, with
the time constants 25 nsec. The total charge Qvendy Q = E x L Xx M x e, where E is the electron
energy in MeV, L is the electron yield in e’s peeW| M is an APD gain, e is an electron charge.

The result is



_ 1 |e(C,+C) i
E= [ —
eLF(tye)| M7, V7

In this equation, the timeg and 7, are obtained from the filter transfer functiondy¢hrough the series
and parallel noise integrals

I dw r9(w)* dw C,
:jg(w)zz—ﬂ, rp:jg( ) —e,—34 (e,
0

o 2IT S °C,+C

where @ is a noise of the preamplifier input FET transistog is an equivalent noise from the APD
series resistance.

In the equivalent noise energy/M is approximately independent Bf. The equation indicates that the
ENE coming from the series noise (the first termjeduced by a factor & compared to a PIN diode
of similar properties. This is not surprising bezathe noise source is the FET channel resistdtere a
the APD.

Table 1.3: Parameters used in calculation of the electronisenwith Avalanche photodiodes.

Parameter Device Value
en(nV/\/E) BF861A 1.0
Cys (PF) BF861A <10
Cq (pF) RMD APD 130 pFV = 1.6 kV
Ip (NA) RMD APD 10 nA M =200
Rs APD 30 ohms
Excess Nois& APD 2.2
Diode Area APD 1.7 cnf
L e's/(MeV - diode] PbWQ(cooled) 19
Scint. Decay (nseq PbWOQ(cooled) 25

Figure1-10 shows the equivalent noise energy and the @érrdleV) resulting from fluctuations in the
number of electron-hole pairs made in the APD RIobWQ, with 2 APD's and with crystal () and diodes
cooled to -20 C. The contributions to the resolufrom these two sources are plotted as a function
the RC time constant for a CR — (Rdl)ter.
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Figure 1-10: Equivalent electronic noise energy versus RC filieme.

The parameters given in the Table 1-3 are usedeicalculation. The rise in the equivalent noise

energy at small times is due to the series noiséewgarallel noise gives rise to the increase ajda
values of the shaping time.

The photostatistics error contribution includes ¢fffect of the excess noise factor and the loss in
signal for shaping times short compared to the tower which the light is collected. This last facto

depends on the deviation oftg{) from its value when the APD current produced oy light source is
an impulse.

The output voltage of the filter rises to a maximéfin.)Q/Cr att = tmax WhereQ/C; is the
output voltage of the preamplifier with feedbaclpaetanceC; . If the duration of the input current

pulse from the diode is short compared toRIi@&time constant of the filteF (tmay is independent of the
time constant.

In the NYU bench tests described in Sectiohl below, the equivalent electronic noise energy
(RMS) was measured to be 0.7 MeV for crystal veiteummed 2 APD readout for the crystal size

3x3x14 cn? that was modeled here, and extrapolated.ioMEV for the chosen 3.¥8.75<12 cn?
crystal size of the calorimeter.

1.4.3Light Collection

The equivalent noise energy is inversely propodioto the collected lightt and the

photostatistics error decreases according §6L1/We can estimate the value lofgiven in the table
Table 1.3 as follows. A Monte Carlo simulation was made aé fight collection from a polished,



wrapped crystal 8x14 cn? with index of refraction 2.15, coupled at one em@ tetector of refractive
index 1.5. The light passing through the detechoeforiginating from a source at the far end I5%2.
of the total. The mean distance traveled by thet lig 20.4 cm, far less than the attenuation leagtbve
400 nm of any of the crystals considered {Kamp&Q4L.

We calculate the e-h pairs yield L of the wrapp&iVM®; crystal (cooled) with sizex®x14 cn?
below:

L= 360 x 0225 x 23 x 0.19 x 0.55 = 19
LightYield MC light Improvement Area Frac. QE e — h pairs
(warm) collection  from cooling MeV-photodiode
(photons/MeV

where Area Frac is the fractional area coverecheyphotodiode (1.69 cih9 cnf per APD)and QE=
55% is the nominal quantum efficiency for the RMPPA in the range of wavelength 430 nm. This
estimate for the parameter L is in agreement wigh tneasured value of 19 e-h pairs/MeV described i
Section1.11. However, such a perfect agreement should be camesidertuitous, since there are
certainly 20% uncertainties in the experimental sneament.

The estimate is also consistent the 3 e-h paieyidiode) obtained for PbW by the CMS
Collaboration for crystal size 2¢2.2x20 cnt at room temperature (2€). CMS used Hamamatsu APD
with quantum efficiency 0.72 and an area of 9@5 cnf. Cooling to —24C improves the light output
by 2.3 {Lecoq:1995}.

1.4.4Pileup

Pileup from background processes in which the imtkigh but the energy deposition small can be
treated, after suitable averaging, as an additisoafce of parallel noise. Single events in whidarge
amount of energy is deposited in a cell in coincaewith a DIO electron can produce an increase in
the trigger rate. In coincidence with a converstattron, such events result in a mismeasuremeheof
energy and lessen the detector's effectiveness a@sta, strong constraint on the event. This gigate
increase is studied below and is expected to be Thw granularity of the detector is fine enougat th
such random high energy processes in coincidentle &iconversion electron do not produce a
substantial resolution tail.

The principal sources of energy deposition in thlerimeter are:

A. Beam electrons interacting in the either the mawget or, downstream in the muon beam
stop.

B. Beam muons undergoing a large angle scatter itatget.
C. Neutrons originating from muon capture in the thayebeam stop.

D. Photons from muon capture in the target or beam sto



E. Photons radiated by decay electrons of enéggy 55 MeV originating from muons that stop
in either the target or beam stop.

F.  Electrons from muon decay in orli; > 55 MeV, in either the target or beam stop.

The cell pileup noise for these different processetiown in Tabld.4

Pileup as Parallel Noise

Processes A — F were studied using GEANT. Theupiteoise from each source is estimated by setting
the signal contribution from the source equal ®RMS voltage produced by that sourtleus,

s e 8Q)
V"”S_Zn‘ [E?J EJ; £ ()| dt

where the RMS chargeQi is deposited at mean rate from background source i, and

— V _ Qsignal

signal — C
f

Y/

rms

[F(t

max )

The equivalent noise energy due to pileup is then

ENEZ = Z-pileup E ni mEi2

where AE” is the mean square energy deposition from backgrsource i and

2
1 00
T = ——— O |f ()] dt
"R () [{| 0

The functionf(t) is the full electronic transfer function and ndés the light source as a single
exponential with the decay time 25 nsec. The valugey, for anRC time constant of 50 nsec is 143
nsec.

The pileup noise is estimated for each of the bamkyd sources using GEANT calculationsiof

and<(AE)®. The results are collected in Talilé. The contributions from the muon target andbtem
stop are given separately. The above method doestnctly apply to process A, since all of the
particles are produced promptly as a flaghing the micropulse; nevertheless, a reasonaiimate
may be obtained, as discussed below. The othempggnal case is when the rate is low, even when
summed over the nine cells assumed required taaptl the energy. A tail in the resolution athig
energy results; this is discussed separately below.

A. Beam electrons

The vyield of electrons produced in the tungstegdawas found using GEANT and the hadron code
GHEISHA. The number of electrons per primary protioat arrive at the muon target is approximately
0.16.



Figure 1-11 gives the arrival time distribution for theslectrons at the exit of the transport solenoid.
The electron time is smeared up to 100 ns dueetaligpersion in the electron path length.
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Figure 1-11: Distribution in time of arrival of the beam eleatroat the exit of the transport solenoid. The prdteam
strikes the target at t = 0.0.

Assuming a micropulse every 1.35, the 4x 10" protons are shared among % 7.0° micropulses
during the half-second spill. The electron intenpier micropulse at the muon target is

4x10" x (1/3.7x 10°) x 0.16 = 1.7 10

These electrons pass harmlessly down the centeeafetector solenoid, except for those interadting
the muon target. Photons produced in the targestiéde the front and inner surface of the calotene
but not the main electron incidence face. The dodityathat this process results in an energy déjmrs
above 10 keV in one of the 160 front and innefam cells is 1.k 10°. The mean energy deposition
is 2.9 MeV. The photons from this source would il a substantial flash every micropulse in the
bounding inner and front crystals:

1.7x 10 - 1.1x 10° - 1/160 - 2.9 MeV = 340 MeV/crystal

The flash occurs at least 600 ns before the gabpesed to detect the conversion electron. The ligh
from the crystal is attenuated during this intem@tording to the decay time 25 nsec. These phatons
not strike the ESS, but only the bounding crystalss is evident in the GEANT simulation because th
inner crystals do not see this energy deposititw. light left over from the flash is greatly attaeted in
PbWQ, because of the rapid exponential decay of the lagid the ~500 ns that the crystals have to
recover. For the PbW/Zrystals the noise is negligible, even if the talgsare unshielded.

B. Beam muons



A beam muon with more thab0 MeV/c undergoing a large-angle elastic scatiethe muon target
changes its trajectory sufficiently to stop in tbe Z material of the proton absorber or the tracKée
muon then decays into an electron with energy ugBtMeV with a decay time close the muon lifetime
of 2.2 5. For lowZ materials the muon capture probability is neglgibompared to the muon decay
probability; this is a consequence of the Primaidfaw.

The probability that a muon undergoes a large asgadter in the target and stops in the protonréleso
{meco049} is 4.4x 10°. The probability that the electron from the decdéya muon in the absorber
strikes the calorimeter is 0.3. The total prob&pihf this sequence is

03 -44x18=1.3x 10"

The number of muons incident on the Al target $x110'* Hz. The calorimeter hits occur mostly in the
inner 128 (32x 4) boundary cells. The energy deposition is 5.2VMell with 2.6 cells struck on
average. The mean rate in each crystal is detedrayemultiplying the hit rate by the average cell
multiplicity per hit. The pileup noise from thiswgge is given in column two of Table4.

n=15x10'"13x1F- 2.6 - 1/128 = 3.9 x $6iz

C. Neutrons from muon capture

Neutron background is considered as a source efipiand as a source of radiation damage to
the APD's. Neutrons above ~200 keV can damage B By displacing silicon atoms in the crystal
{Hall:1990}. The damage can result in a substantiafease in the bulk leakage current and assaktiate
noise. This is discussed in Sectibb.2.

The neutron spectrum is obtained from experimetdtd {Singer:1974},{Mukhopadhyay:1977}.
Neutrons with kinetic energy below 10 MeV are proehliwith a spectrum characteristic of nuclear boil-
off. There is an exponential tail above 10 MeV. Tawerage number of neutrons emitted per muon
capture increases with atomic number and is destritell by the empirical function (0.300.02A3
{Singer:1974}. The measured average number of paatper capture on Al is 1.26 0.06. In our
calculations, the spectrum is normalized to 1.2tnoes per stopped muon and is cut off at an upper
energy of 50 MeV.

The neutron background from muon capture is siredlatsing the distribution of muon stops in
the Al target. GEANT and the hadron code GCALOR @sed to track the primary neutrons, generate
subsequent interactions, and calculate the resultariron flux and energy deposition in the cal@tien.

The number of muons captured during the 0.5 s AGiEIS
4x10°-25x 10- 0.6 = 6 x 1&/spill

where the first number is the proton intensity, seeond is the number of stopped muons per proton,
and the third is the probability of capture. Nengassociated with capture may hit the calorimeter;
each capture gives 1.2 neutrons and these in nigract with material in the Detector Solenoid
environment (in the detectors and supports, cryostyostat walls, and return yoke and outside
shielding) leading to more neutrons. Two 10 m legtindrical polyethylene (Ck shields are used to



reduce the neutron flux at the calorimeter. Irs $imulation, one shield of thickness 20 cm is teda
outside the cryostat just inside the steel returkey(35 cm thick Fe), which serves also as pathef
cosmic ray shield. A second polyethylene shieldhatkness 10 cm is located just inside the cryostat
wall (7 cm thick Al). Figurel-12 shows the neutron energy spectra with thegojyene shielding. The
integrated flux is reduced ten-fold by the presewiciie polyethylene.

The neutron energy threshold to displace silicamatin the APD is 0.2 MeV. The probability
that a neutron with energy more than this threskoddses the back surface of the calorimeter7is< 1.
10*. When integrated over the duration of the expenin#07 sec) the flux through the APD's mounted
on the back surface is

6x10° 1.2-1.7x16-10 - 1/3600 = 3.4 x ¥8n/cnf

A similar calculation starting from muon stops hretbeam shield adds 2:310" n/cn?. The
sum, 6x 10" n/cn?, will be used in Sectiof.5.2 to estimate the radiation-induced bulk leakagrrent.
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Figure 1-12: Neutron energy with the two of shields (10 ancc&0thick CH2). Bin size is 0.1 MeV.

The probability that a primary neutron from thegtrleads to more than 10 keV energy depositeldan t
calorimeter is 1.& 10°>. The hits are distributed over the 1000 cellshef calorimeter. The 8 10"
captures during the half-second spill is spreadr && x 10° micropulses, one every 1.3fs.
Approximately 54% of the captures occur during 858 ns window extending from 700 ns to 1350 ns
after the pulse. The number of neutrons/cell tlegiodit more than 10 keV during each gate window is

(6x10°/3.7x16)- 1.2 - 1.8 x 18- 0.54 - 1/1000 = 0.2/cell .



Twenty percent of the gates will have a neutrore RIMS energy deposited is 1.3 MeV. The crystal hit
raten used in the pileup calculation is scaled by therage multiplicity of 1.8,

(0.2/650x 10)- 1.8-1.4=75x PHz ,

where the rate at the start of the gate, whichOBb 4igher, is used. A similar calculation is dooe f
neutrons from the beam dump. The cell noise estichat this way from the two sources is given in
column three of Tabl#&.4.

D. Photons from muon capture

The photon spectrum is difficult to estimate. Evgrgapture results in the production of excited
nuclear states. Assuming a at energy spectrum @renY MeV, normalized to 1.8 photons per capture,
the probability that photons above 10 keV strike ¢lorimeter is 2.3 10, typically turning on 1.6
cells. The number/cell during each gate window is

(6x10°/3.7x16)- 1.8-2.3x 18- 0.54 - 1.6/1000 = 0.6 /cell .
The RMS energy\E deposited is 1.8 MeV and is
(0.6/650x 10)- 1.4 =1.2 x 1DHz .
The noise from this source and from the beam dumgiaen in column four of Table4.
E. Muon decay in orbit with E < 55 MeV

Forty per cent of the muons that stop in the Adgéaidecay in orbit, producing an electron. Those
of energy less than 55 MeV are confined to thereémegion of the solenoid by the strong magnetic
field and do not hit the calorimeter. However, thetectrons can radiate in the target. Photons fhem
electromagnetic shower deposit more than 10 kefierfront and inner 160 cells with probability %6
10*. The number of muons that decay during the haifsé AGS spill is
4x10°-25x10-0.4=4x 18
and the number of photons per cell during the gatelow is

(4.0x10° 3.7x106)- 5.6 x 10*- 0.54 - 1.6 / 160 = 0.33 ,

where the 1.6 hit multiplicity was taken into acnbouThe RMS energy deposited is 1.3 MeV and the
crystal hit raten is

(0.33/650x 10)- 1.4 =7.1 x 1DHz .
The cell noise is calculated for this process iliwm five of Tablel.4.

F. Muon decay in orbit with E > 55 MeV



The probability that an electron with energy mdrant 55 MeV hits the calorimeter and releases
more than 10 keV equals 2810°. The calorimeter hits occur mostly in 80 (20 xbéundary crystal
cells with an average energy reledse= 3.9 MeV. The hits/crystal during the gate is@do

(4.0 x 163°/3.7x 16)- 2.8 x 10- 0.54 - 4.1/ 80 = 0.08 / cell.

The hit rate is 1.& 10° Hz; see column six of Table4

Table 1.4: Pileup noise in crystal cells from different sowce&lpper and lower number are for events origigatimthe
aluminum target and muon beam stop, respectivéshFrom beam electrons (column 1) is attenuatidgutime constant

of component of crystal light output that produdadest signal during gate. The noise is calculétech 1/ﬁ<E2>Tp"eup ,

where the mean rate and square of the energy samet from GEANT, and the time constant dependthersignal input
shape and transfer function.

Background | Beame | Beamy | Neutron Photon DIO DIO
Source <55 MeV | > 55 MeV
Rate, Hz | 1.3x 10| 1.5x 10" | 2.3x 10" | 3.4x 10" | 1.3x 10" | 7.2x 1¢

1.3x 108 3.0x10° | 5.6x10° | 2.7x 10" | 1.6x 10
Hit Prob. 6.0x10% | 1.3x10° | 1.8x10° | 2.3x10° | 5.6x10*% | 5.1x 10°
4.0x10°3 6.0x10°% | 1.0x102 | 1.0x102 | 1.5%x 107
Hit Cells 1000 128 1000 1000 160 80
1000 1000 1000 1000 1000
Cell §/<Ez>, 0.1/0.07 | 5.2/90.5 | 0.7/1.6 0.8/1.8 0.6/1.2 | 3.9/75.0
' 0.2/.25 0.9/1.7 0.9/2.0 0.4/0.8 0.6/1.3
MeV
Cell Mult. 1.2 2.6 1.8 1.6 1.6 4.1
1.3 1.9 1.7 15 2.1
CellRate, Hz | 4.7x 1P | 39x10° | 7.5x10 | 1.2x1¢ | 7.2x10 | 1.8x 10
3.4x 10 3.4x10 | 9.6x10 | 4.0x10° | 2.5%x 10
PbWQ,
Cell Noise 0.0 0.22 0.4 0.55 0.35 1.4
RC=50 ns, 0.0 0.3 0.52 0.67 0.1
MeV

The table is for the chosen crystal size of 833512 cnt. The total pileup noise from each
source is added in quadrature, except for thahenlast column, since DIO events above 55 MeV are
reconstructed successfully as showers. The reswdhiRMS of 1.2MeV in the cell. For the original
crystal size of 83x14 cn?, the number was 0.9 MeV.

1.4.5Pileup As Accidental Energy Deposition — Cell Occugncy

In the previous section the pileup was treated asuace of parallel noise; this works well for
processes in which the rate is high compared tonverse of the shaping time. In that calculatithe
signals are integrated electronically producingeamlevel (pedestal shift). The RMS fluctuationsidb



that level result in a Gaussian-shaped resolutroadening to the measurement of a signal in that ce
The same processes, pileup and electronics nosepasidered here to compute the rate of non-kigna
cells passing a threshold cut when energy depashiscomes significant compared to the resolution.
The result is a high energy tail in the resolufi@nction

Table 1.5 gives the instantaneous rates in a vane as a dmnofi the threshold energy. A shower
typically occupies less than 2% of a vane, seerEi@tB8. The last row in Tabld.5 is the probability
that there is accidental energy deposition in avgn@bove the threshold indicated and in the sabfe 6
ns gate. The calculation of the previous secti@tuotes these contributions and is not independent.
the signal rises to its peak in, characteristical@0 ns, as in the faster crystals, there is a tRB&nce
that 1 MeV is deposited in the tower and a 1.4%nchathat five or more MeV is present. This
probability becomes worse for longer integrationds. Note that not all of the items in this table af
consequence. Beam electrons, for example, prodilastathat is gone by the time the gate in whieh t
signal is detected is opened. Electrons from muecay in orbit produce energy in a small fraction,
80/2000 ~ 0.04, of the cells.

Table 1.5: Instantaneous rate (MHz) for energy deposited loritaeter vane to be above threshold. The prolighihiat this

energy is in the same tower and coincident withof a signal event is given by multiplying byt/50. Light from beam
electrons during ash is strongly attenuated befiate begins. DIO events affect only 240 cells. Lrast is the summed
probability there is an event in the full 650 ngate (see text).

Background Source > 1 MeV > 5 MeV > 10 MeV
DIO > 55 MeV 0.74 0.41 0.29
Beam e's 23
Beamy's 0.04 0.032 0.027
Neutrons 25.0 14 0.45
Gammas 36.0 6.0 0.08
Probability, % 80.0 9.0 0.7

1.4.6Combined Energy Resolution

The results of the resolution calculations are sanwmad for two crystal sizes in Talles, and
for the chosen crystal siZeigure 1-13. With anRC time constant of 50 nsec, tlsggnal reaches a
maximum attnmax = 117 nsec. The cooling to —?2C increases the light from the Pb\W@ystal by a
factor of 2.3 and decreases the bulk leakage duswpstantially. The current arises from thermally
generated carriers and is strongly temperaturerdigme: |, 0 (kT)*%e %D where kT is expressed in
electron volts.

Table 1.6 presents the calculated results for photossiedi noise ops electronic noisesg,
pileup noiseocypieup, pileup integral intyieup, @ time kax When the signal reaches maximum. The total
resolution for 100 MeV electron is obtained by sumgrin quadrature the electronic and pileup noise
from 6 cells, after the software reconstructiontlod calorimeter energy from the hit patterihe
contribution from shower fluctuations is obtainednh a fit to the high energy side of the distributi
(see Figurel-7) ignoring the low energy tail. A parameter @ht collection yield L for two APD
photodiode readout is taken from laboratory tesasneements is equal 38 e-h pairs per MeV for the
crystal size of & 3 x 14 cnf. The extrapolated results for the bigger sizergtal 3.75x 3.75 x 12



cm’are based on the estimate of L equal te2#pairs per MeV for two APD readout. The combined
resolution is 4.1 MeV for the smaller crystaltbé study and extrapolates to 5.3 MeV for the ehos
crystal size.

Table 1.6: Resolution obtained for a PbW®@rystal with 2 avalanche photodiode readout. Dipeline is the result of these
studies for the smaller crystal. The bottom lingegithe extrapolation to the chosen Crystal size.

CryStaL # RC, GPS’ Ge|’ (Spneupl Gtot' PI|eUp tmax y
p.e./MeV APD’s ns MeV MeV MeV MeV | Tpileup » ns
ns
PBWO,
(-20 °C) 2 50 24 1.7 2.2 4.1 143 117
[3x3x14]
L =38
PBWO4
(-20 °C) 2 50 3.0 2.7 2.9 5.3 143 117
[3.75%3.75x12]
L=24
Ecalo
Ecalo
n C : ~ | Entries 50407 | : :
53000_ ........ ............ ..... Mean 95.03 .......... ............
> B : | RMS 13.06 | ! 5
WL 2 | ndf 37.93/22
B Constant 3024 £ 19.3
2500 Rk A Mean 99791006 | TRl
B Sigma 5.271+ 0.037
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Figure 1-13: Folded total resolution for the chosen crystae of 3.75 cm x 3.75 cm. Plotted is the
predicted distribution for the measured electroargy. Shower fluctuations (GEANT), photo-statistic
pileup, and electronic noise are included.




1.5 Radiation Induced Effects

The impact of radiation exposure on both the ctystd the diode must be considered.

1.5.1Radiation Damage in the PbWO4 Crystals

The effect in lead tungstate may be summarizedlasms {Annekov:1997}, {Chen:1998},
{Annekov:1999}:

* The blue and green radiating centers are not dasnag@radiation; the scintillation mechanism
in the region of wavelengths of interest is unatedc

* Radiation damage in the crystal is caused by tmwearsion of existing defects in the crystal
lattice to light absorbing color centers, resulting radiation-induced absorption length. For one
defect type, during a time interval dt:

dN, =(N, - Nc)§dt— N, adt | N, =N, i(l_e—(msm)t) ’
d w+S/d

whereSis the dose ratepthe recovery rate, and d the damage constantinblueed absorption is
Kinduced = 1/inquced = oN¢, Whereo is the absorption cross section for light at aocaenter. The
damage saturates for long exposures at a levetlédpEnds on the dose rate:

* The radiation damage from photon irradiation isersible. Heating for a few hours to 2aD
restores the initial light yield.

» The inlduced absorption at an accumulated dose®fB0from°®°Co irradiation is not more than
0.8m-.

The last item is the specification from the crystalnufacturer for the crystals purchased . Theaadu
absorption cannot exceetNy, whereNy is the number of defects (typically a few ppm loé tcrystal
sites).

The results of calorimeter irradiation simulationsjing GEANT are shown iable 1.7. The
mean energy deposition per event (typically a miba is captured or decays in the aluminum target o
the material of the beam dump) is given in thet firew of the table, and the total energy depositio
during the experiment (1) appears in the second row. The calorimeter mfissted is given in the
third row. Neutrons interact uniformly throughohetentire calorimeter, 1226 kg, while some of ¢ s
gammas and electrons from muon decay in orbit affely the crystals on the perimeter of the detecto
In calculating the radiation dose,

1dw
p dv



in J/kg (Grey), note that the gammas are assumbd &sorbed in one radiation length, 0.89 cmad le
tungstate. At an energy of 0.1 MeV, typical of gt produced promptly during the beam flash
(column 2), the attenuation length in the crystadue mostly to the photoelectric effect, andd€2 cm,
45 times smaller. This leads to very high dosaga thin surface layer of crystal. The rate is reduc
dramatically and the measurement is unaffected thynahighZ cover (~ 2mm of Cu) over the electron
sensitive surface. Only these photons from thénflasiginating in the beam dump, produce a radmatio
level of any consequence.

Table 1.7: Irradiation of PbWQ calorimeter from different sources. Levels frortemactions in the Al target (AT) and muon
beam stop (MBS) are given separately. The energpsigon of electrons and photons is assumed te fice in one
radiation length {meco052}.

AE
AT 0.1 0.7 0.5 0.5 14.2
MBS, 0.2 0.9 0.8 0.2 0.6
Units

Energy Dep.
AT 1250 464 625 58 83
MBS, 16600 260 720 860 4.3

Joules/Expt

Affected Mass

AT 133 1788 133 133 55
MBS, 133 1788 133 133 133
Kg
Dose Rate
AT 0.4 0.01 0.2 0.02 0.6
MBS, 5 0.007 0.2 0.23 0.001
102 Gy/hr
Dose/Expt
AT 10 0.3 4.7 0.5 15
MBS, 125 0.2 5.4 6.5 0.03
Gy

1.5.2Radiation-Induced Dark Current in the APD

We estimate the increase in the dark current inAR® caused by neutrons from the sources
discussed in Sectioh.4.4. The effect of the radiation is to displatenas from sites in the crystalline

lattice {Hall:1990}. The radiation induced leakagerrent,|" , depends on the number of displaced
atoms. It is proportional to the relevant detestolume and increases linearly with exposure tintee T
proportionality constantr is strongly temperature dependent.

The current depends sensitively on the temperdBaecaro}{Borchi:1994}Moll:1999} and
can be reduced substantially by cooling:

|2 OT?exp(e&; /12KT) |



wheregr = 1.2 eV. The decrease is significant even forlst@mperature changes, -9% atT = 20°C.
For a temperature change from +&Dto —-20°C, |" decreases by a factor 50.

The radiation-Induced bulk current at room temperats {meco062} :

| = 8x 10 A/(n-cm) x 5x10cmx1.7cm x 6.0x18°n/cnf  =4nA
A atl18°C depletion depth x area n flux/exp

or IS =0.08 nA at temperature -20 C. The valud Bfshould be compared to the 0.05 nA used in the
noise estimates.

The radiation induced dark curreh decreases with time. Experiments indicate severalponents
with different lifetimes {Bosetti:1994}{Baccaro}arpresent:

| IiDrr = | IiDrr (O)Z gie—t/ri
i
with gi and 7; given in Tablel.8.

Table 1.8: Dark current coefficients and decay times af@8n lead tungstate, PbWCrystals.

Coefficient O T
1 0.20 12.9 min
2 0.30 85.4 min
3 0.13 30.5 hr
4 0.13 6.6 days
5 0.24 )

We conclude that radiation damage effects doesaut to a significant degradation of the
resolution of the calorimeter during the’ X&cond lifetime of the experiment.

1.6 The Nuclear Counter Effect in the APD

The APD nuclear counting effect can produce agla@&BD (minimum ionizing muon equivalent) signal
in Si, an average energy loss 1.664 MeV/g’cm2.33 g cif = 3.88 MeV/cm. To produce an
electron/hole pair an energy 3.62 eV is requirdle thus expect to collect 107 e-h pairs/um for a
minimum ionizing track. The main junction of thedig region”, where the avalanche gain takes place,
is located at ~50 um inside the APD. So the esdchaumber of e-h pairs from the APD nuclear
counting effect is ~5000. This number is complerab the number of e-h pairs from a 100 MeV
electron signal in a PbWO4 crystal: 30 e-h/MeV/AADO = 3000. The APD "drift region" without gain
is ~ 200 um. Because of the high APD gain the dumuiion to signal from the "drift region” is
negligible.



To study the energy resolution {meco103}, radiatl dongitudinal leakages versus crystal length of a
simple setup of PbWO4 cylinders of fixed radius R3=X; = 11.57 cm and variable length L = 12 - 18
Xo were selected. The radiation lengthfat the PbWO4 crystal is 0.89 cm.

The probability of photon, electron and positroakiege is defined as: The number of photons, elestro
and positrons crossing the PWO4 (front, radial badk) crystal surface normalized by primary 100
MeV electrons incoming along the PbWO4 cylindersaxnultiplied by 100%. Figur&-14 shows the

probability of photon leakage through the PbWO4kbswrface versus PbWO4 length as determined
with a GEANT 3 shower simulation.

Photon Leak Probability Chi2 / nclf = 5.384 88
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Figure 1-14: The probability of photon leakage through the albtick surface versus PbWO4 crystal length.

The probability that a cascade photon crosses Bi2 Ayain region™ and produces a high pulse signal i
2.4x10°.

Figure1-15 shows a probability of electron leak throulgg PbWO4 back surface versus PbWO4 length.
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Figure 1-15: The probability of electron leakage through thestal/back surface versus PbWO4 crystal length.

The probability that a cascade electron or positrogses the APD "gain region” and produces a
high pulse signal is 8 10* and 4x 10* respectively.

We thus find that the total probability that anaotlen, positron and photon produced in the
cascade of a 100 MeV electron interact in the gagion ~50 um of the APD is small, ~ %7.0°. The
number of e-h pairs produced in such events, > 2868 equivalent to the signal from a 100 MeV
conversion electron.

1.7 Readout, Trigger Rates

The beam structure imposes severe constraintseore#tdout if there is a flash produced when the
protons strike the production target. Beam eleatréor example, produce such a flash in the bonderi
cells of the calorimeter if they are unshieldedr #os source, it appears that some of the flagshbema
eliminated by shielding. The readout scheme desdrilelow assumes that such a flash does occur, and
that all of the analog signals have to be held fleetbe next beam micropulse. Two possible timing
schemes have been considered. For most of ouestutie structure assumed consisted of one pulse of
100 ns duration every 1.35 microseconds filled bg booster cycle to an intensig x 10" protons.

This is accomplished by filling two of six equalipaced buckets around the ring. The gate for detect
the conversion electron extends from 600 ns to 1250100 ns before the next beam pulse. A
conversion electron coming near the end of the gaseto be held before the next pulse. One hundred
nanoseconds should be sufficient for PoMWThe time requiredor a calorimeter signal to geb its
maximum is approximately 120 nsec for the shapeeR@l 50 nsec.

An alternate mode of operation might be to fill adract the beam in one micropulse every 2.7
microseconds. The pulse would be filled by the beoster cycles to an intensity &f4 x 10" protons.



In this mode, the gate extends from @& to 2.3-2.64s, depending on the shaping time. The gate
acceptance is larger by 20 — 30%, but there isadb a factor of 2 in the number of filled bucketss

not clear how much the maximum beam in a bucketdcba increased in this mode. This option is
being studied in the context of the beam extinction

The level 1 trigger is formed by dividing each hzfr the calorimeter into 48 overlapping
supercells. Each supercell is obtained by summignpts, after filtering, from a 4 4 arrays of crystals.
There are two possible implementations of the &ig@his summing is done either in analogue-summed
trigger towers, or by fast processing of continkpssampled digitized signals for a digital triggém.
this version, the sums from the 48 supper-cellsem@ded with FADC's every ~25 ns and fed to a
pipeline processor. This readout scheme is sirtolanany used in previous experiments and we hope to
borrow from this experience.

When the energy in any super-cell is greater thareset threshold, the sampling clock is stopped
and the analogue data is digitized and read outhfotracker as well as the calorimeter. The &igg
then further refined by software to produce a ceduevent rate higher level trigger to be writteto ia
storage device (See the Chapter on the DAQ system).

DIO Spectrum + Geometery Acceptance
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Figure 1-16: A Differential energy spectrum for muon decay in bitbiAl multiplied by calorimeter acceptance.

The events that trigger the detector come prinyidabm muon decay in orbit with an energy
deposition peaking near the threshold energy of M8V A GEANT simulation including the
calorimeter acceptance determines the energy dedosi each cell of the detector, which is then
smeared by electronic, photostatistics, and pileaipe, to produce the spectrum of Figlir&6, which
is then used to calculate the trigger rate.

In Table1.9, the trigger rate and detector efficiency awer for two energy thresholds for the
super-cells, with all resolution effects includ&kcause there are 16 cells summed in a supethezl|



resolution is worse than for the ~6-cells summedte reconstructed energy of SectioA.6. The total
energy resolution for super-cells (16 crystals)luding shower, photostatistics fluctuations and
electronic and pileup noises, is found to be 5.4 @D MeV for crystal size @x14 cn? and
3.75x3.75<12 cnt respectively. It is the latter that correspond®uo chosen crystal size. An efficient
trigger at an entirely manageable rate of ordeHE ks achievable.

Table 1.9: Trigger rate and efficiency vs. threshold energgupercell 4x 4 arrays of crystals. The energy in céls
generated by GEANT and smeared by electronic nplestostatistical fluctuations, and pileup noise.

Ethreshold » MeV

Triger Rate, kHz

Triger Rate, kHz

6 = 5.4 MeV 6 =7.9 MeV
crystal *3x14 cnt 3.7x3.7x14 cn?
75 0.8 14
80 0.3 0.5

1.8 Lead Tungstate Crystal Measurements

Lead tungstate provides the high density and fgaatrequired in this application and at low cdmitt
the light output is small and considerable caré balrequired to keep electronic noise from domingat
the resolution. Substantial progress in the devety of these crystals has been made in the hast fe
years. To begin the process of crystal selectimtudsions with the manufacturers of this cryste
initiated and ten 3 crm 3 cmx 14 cm crystals were purchased from the Bogorodiesthnochemical
Plant in Russia. Measurements of the propertigéseofen crystals received were made at BNL by C.
Woody and S. Stoll. The transmissivity of the cayslong its long axis was measured using a vaiabl
light source as illustrated in Figuiel?.
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14 cm long crystal
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Figure 1-17: Measurement of transmission as a function of wanggle results irfFigure 1-18

The results of measurements on five of the tentalysre superimposed in the plot of Figl¥&8. The
remaining five crystals give identical plots. Refien off the first surface and repeated reflectioff
the second limit the transmission at long wavelerngt

T=(@1-R)/(1+R)=0.763, andR=(n-1)2/(n+1)? = 0. 135

where the index of refractiam= 2.16 at 632 nm is used .

As is shown in Figur&-18,the measured value at this wavelength is 0.753;wtorresponds
to an index 2.20 if there is no absorption. In\tstble region 400 — 700 nm, the dispersion is redrm
the index of refraction increases with decreasiagelength, reducing the transmission through the
crystal even if the absorption is small. In optigisses, the index increases by approximately 1%
between 400 — 700 nm. Ignoring this effect, andbatting the measured 5.4% decrease in transmission



from 630 nm to 400 nm entirely to absorption in ¢hgstal, a lower limit of 2.6 m is obtained foeth
absorption length at 400 nm. This distance is t@si greater than the crystal length. At an exposure
500 Grays, considerably greater than the level &epen the experiment (see below), the absorption
length should still be greater than 1.2 m, 8-1(8rthe crystal length.

The slope of the rise in the approximately linesggion between 340 nm and 370 nm has been correlated
with the radiation hardness of the crystal {Auffralyor the longer CMS crystals, those with slopés o
greater than 1.5%/nm, the light loss is less tiéra@ier exposure to low level radiation (1.5 Greotsl

at 0.15 Grays per hr), while for crystals with sieiaslopes the degradation in light output is tgtlic4

— 5 times larger. The steep slope of the rise guiei1l-18 2.6%/nm, is a good sign in this regard.
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Figure 1-18: PbWQ, crystals, 3x 3 x 14 cni. Measured transmission, 5 crystals obtained framdBoditsk Technochemical
Plant, Russia.

In Figurel-19 the light output, in photoelectrons/MeV, isasered as a function of position along the
crystal with a’Cs source. A pre-calibrated Hamamatsu R2059 phdtimiier tube that covers the end
of the crystal is used in the measurement. Theceagrmoved along the 14 cm long crystal and
measurements are made at 2, 4, 7, 10, and 12 aruriformity,(max - min)/min, averages 3.4% for
ten crystals and varies from 1.8% (best) to 4.8%r$t). The light yield is approximately 15
photoelectrons/MeV. The plot also shows the supégyiof Tyvek to Teflonwrapping for collecting the
light.
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Figure 1-20: Measured light output spectrum usinfZs source at far end of PbWerystal. The signal represents fifteen
photoelectrons/MeV into Hamamatsu 2 in R2059 phaottpiier tube.



1.9 Avalanche Photodiode Studies

Their ability to operate in a high magnetic fietldeir high quantum efficiency (around 50%) and
their compactness make avalanche photodiodes (AREsatural light detector for the crystal
calorimeter. A likely candidate for the APD’s fagading out the scintillation light of the PWO
crystal is the Radiation Monitoring Devices (RMDpNel S1315 large area APD with a square
active area of 13 mm X 13 mm. Properties of onda ARD were measured with a blue LED at
NYU {mecol26}.

The Gain of the APD (output electrons/input phataons) vs. the APD’s reverse bias voltage is
shown in Figurel-21, for two temperatures. A typical stable ofirgapoint is a gain of 300, with a
HV of about 1500V. For a given HV, the 222 gain is higher by a factor of about 4 than thimg
at room temperature. For a fixed gain of 300,teeded bias voltage is about 100V less af €24
than at room temperature.

| Gain vs APD Bias Voltage, Blue LED |
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Figure 1-21 APD Gain versus Bias Voltage at two temperatures.

The biggest advantage of operating the APD at Emwpierature is shown kigure1-22, which displays
the ratio of Dark Current to Gain versus the Gaims ratio is a good figure of merit, since it meas
the dark current in units proportional to the sigmatput of the APD. At a gain of 300, the dark reunt,
dominated by the APD bulk current, drops by a faaid 200 at —24 C, compared that at room
temperature, leading to a significant improvemarthe electronic noise.
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Figure 1-22 The ratio of dark Current over gain vs. gain.

In Figurel-23 the derivative of the fractional gain withpest to bias voltage is plotted versus
Gain (M). It is seen to increase rapidly at roommperature, but stay nearly constant at about 2%l V
at —24 C. This sets the scale for the requirements erhitph voltage supply, control of the bias HV to
better than 1/2 volt.
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Figure 1-23 Derivative of fractional Gain with respect to Hg.\gain.

Operating the Crystals and their attached APD’s-2f C, motivated by the improved PWO
performance at this temperature, thus also prouvidesncillary benefit of considerably decreasimg t
dark current and improving the gain stability of thPD’s.



1.10Front End Electronics

The front end electronics consists of a preamplifiecated at the calorimeter, inside the warm
bore of the detector solenoid, and a shaper ampbiitside the solenoid, in the movable countingsieo
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Figure 1-24: Circuit diagram for the preamplifier.

Figurel-24 is an illustration of the Charge-SensitiveaPmnplifier. This preamp utilizes a feedback
capacitor CF and two field-effect transistors JIXat the input. The direct current feedback resiR8
will determine the fall time of the output sign@he operating current dfl & J3 is determined by the
resistor R1, while the JFET characteristics deteentine preamplifier’s noise level and rise time.

The back end of the preamp is designed to drivieréifitial cable (with a length of approximately 30m
in an effort to reduce the effects of EMI in thestgyn. An added gain is achieved in this stage by a
function of RF1/RG1. Figurel-25 below shows the differential outputs of theaffe-Sensitive
Preamplifier.
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Figure 1-25: Output of the preamplifier.

Figurel1-26 is a photograph of a Crystal, with two APDitsirsg next to it and a preamplifier box, with 2
preamps and a high-voltage filter, in its approxeracation behind it.

Figure 1-26: PWO crystal, 2 APD’s and a preamplifier box.

Figure1-27 is an illustration of the shaper circuit. Thiscuit utilizes a differential receiver at thepurt
to accept the output of the preamplifier. The sigadahen applied to a Sallen-Key filter for passid
shaping purposes. Capacitor C3 is selected to bth&walue of C4 which determines the fall time



constant of the output signal. A differential drive used at the output stage as the signal is agam

applied to twisted pair cable. The differentialputtof the shaper circuit can be observed in Figu?8.
An additional output is also provided for summingpian analog trigger tower.
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Figure 1-28. Output signal of the shaper circuit.

Finally, Figurel-29 is a photograph illustrating a 9 crystal addgraf PWO crystals,
APD'’s and preamplifiers for laboratory bench testslYU.



Figure 1-29 A 9-crystal assembly showing the box containingQteeystals plus APD’s and 5 attached preamp boxes.

1.11Cosmic Ray Muon Tests

Cosmic ray bench tests were performed at NYU {m&6¢Dn a single PWO crystal read out by
two avalanche photodiodes. The tests were done3mmax 3cm X 14cm crystal from Bogoroditsk Co.
This crystal size is different than our presenigleparameters of 3.75 x 3.75 x 12cm. It was wrdppe
a Tyvek reflector on all sides. The photodetectoese 13mm x 13mm RMD model S1315 APD’s. The
test setup is shown schematically in Figir80. The preamplifier amplifier system was thetptype
described in the previous section. The detecta eaused in a copper heat sink heat insulatedarssid
Styrofoam picnic box, and cooled to the tempeeat23 C by a JULABO Model F32 chiller with
ethanol as the recirculating fluid.
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Figure 1-30. Schematic diagram of cosmic ray test setup.

Figure 1-31 is a photograph of a PWO Crystal with two ABRDWith the present design
parameters, the APD’s would fit on the crystal facd no overhang.

Figure 1-31. PWO crystal with two APD’s.

The expected most probable energy deposition fariramume-ionizing particle in the PWO
crystal is 35MeV. The observed cosmic ray muorespm in the 2 APD’s is shown in Figute32 and
is a reasonable fit to a Landau distribution.
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Figure 1-32 Typical cosmic muons spectra for APD&e superimposed curves are fits to the data asgumiLandau
distribution.

Running at an APD gain set at 300, with a 100 rapsly time the measurements yielded an
estimate for the collected photoelectron yield 20 p.e./MeV and 18p.e./MeV for the two APD'’s, for
an average yield of 24p.e./ MeV/APD. With a 5@hgper the yields were 16 p.e./MeV and 22p.e.
IMeV for an average yield of 19pe/MeV/APD. We shate this last number for the summed 2 APD
signal to get a yield of 38 p.e. / MeV for the ¢ays
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Figure 1-33. Histogram of the difference between two signalsrfrAPD’s (upper plot) and of the sum of these two
signals(lower plot). The top histogram is fit&gaussian, the bottom one by a Landau distribution

With two APD'’s collecting light from the same crggtone can use them to separate out different
contributions to the resolution. The distributioh the sum of the two APD signals has width
contributions from Landau Fluctuations, photostetss and electronics noise, and is seen in Figt88
(bottom) to have the expected Landau shape.

The distribution of the difference of the two sitmaon the other hand, directly measures the
summed contributions of photostatistics and eleits noise only, and is seen to have the expected
Gaussian shape in Figute33 (top). With the error on the sum and theedédhce of the two amplitude
distributions the same, thoeof the difference distribution is exactly equathe o in the summed signal.
The result for the combined contribution of phoatistics fluctuations and electronics noise to the
measured fractional errerin the summed 2-APD signal is:

.__O(A-A) _T7486_,,.
MPV(A +A) 1682




From the measured photoelectron yield of 38 pexfedn, above, we would predict, using an excess
noise factor of F=2.2 for the APD, a photostatstontribution of

0 =vF IN,. =/22/(38(35) = 41% at 35 MeV.
A direct measurement gave an average electrome b 3500 electrons/APD. This translates to a
predicted electronic noise contribution, to the #RD sum, 0f3500/§/(35[38[300) =13%.
Summing these two predicted contributions in qualea we would get 4.3%, in satisfactory agreement
with the measured 4.4%. Translating the resolutmmtributions to an MeV scale, we get measured
results for the 35 MeV cosmic rays:

» o(Electronic Noise) = 0.46 MeV

* o(Photostatistics) = 1.44 MeV

* O(E.N. &Photost) =1.5 MeV

* Photoelectron yield = 38 p.e./MeV

All these results are for tests done with 3cm x 3@nsverse dimension crystals. For the chosen
size of 3.75 cm x 3.75 cm, the result are expetdde somewhat degraded by a loss in light cobecti
The photoelectron yield and the electronic noisetrdoution to the resolution in MeV scale linearly
with the collected light, while the photostatistimsntribution scales as the square root of thescell
light. If the light collection were proportionab the ratio of APD active area to crystal face afaa
conservative assumption; it might vary somewhatsltdbecause of the collection of reflected ligh® w
would expect for the larger crystals (whose faemas 1.56 times that of the smaller ones), a photo
electron yield of 38 /1.56 =24 p.e./MeV. Summarigihe extrapolated results:

0 =+/FIN,. =,/2.2/(24[35) = 51% at 35 MeV

» o(Electronic Noise) = 0.72 MeV
* o(Photostatistics) =1.79 MeV
* O(E.N. & Photost) =1.93 MeV
* Photoelectron yield = 24 p.e./MeV

Cosmic ray bench tests to measure these paranuitectly for the 3.75 cm x 3.75 cm cross- section
crystals are under way in the NYU laboratory.

1.12Calibration and Monitoring

The calorimeter calibration system is designedraviple a determination of the absolute energy
scale to 1 %, and provide channel-to-channel umifiyrof 1 %.

The calorimeter serves as the triggering detedttheexperiment. Since it is of no advantage to
trigger on energies below those of signal electréms low energy tail of the calorimeter response t
these electrons determines the trigger thresholdbout 80 MeV measured energy. Uncertainties in
calibration small compared to the calorimeter nesoh (about 6 to 7 MeV) may, at worst, require a
small decrease in the triggering energy threshaith a corresponding increase in the background
trigger rate. Uncertainties comparable to calorene¢solution would cause more difficulties, howeve
and must therefore be avoided. For example, lowehe energy threshold at 80 MeV by 5 MeV causes
an increase in the background trigger rate by apoato052}a factor of 3.

If the level-zero trigger made with an analogualhare sum of shaper amplifier trigger towers,
the lowest gain cell will determine the threshahdl aherefore the trigger rate. Individual calorigret
cell gains should therefore be equalized at thdvarre level to an accuracy of 1% determined by the



allowable hardware trigger rate. If, on the othandh, the lowest level trigger is made with digitize
signals (an option being considered by the DAQ pyoi would be sufficient to equalize the gains to
about 10% at the hardware level, but the relatai@egimust still be known to 1% for a fast gain
correction lookup table.

A higher level software trigger can then use theasmeed gains and energy deposition in
individual cells to decrease the background triggee. In addition to being used for off-line arsay
and on-line for the higher level trigger, the cediion data will therefore also be used to equatieke
gains at the hardware level.

Sources of small continuous variation such as meit drifts or radiation damage require
periodic changes to equalize gain. Short time sealeations, such as those due to temperature
fluctuations within the boundaries set by hardwmperature control, give an irreducible source of
variation which will necessitate some lowering bé thardware trigger threshold compared to what
would be possible if only calorimeter resolutionrevévolved.

Possible sources of short and long term variatimtude crystal non-uniformity, inherent crystal
to crystal variation, APD to APD variation, rad@iidamage to crystals or APD’s, temperature vamati
affecting crystal light output, temperature vapatiaffecting APD and other electronics, voltage
fluctuation resulting in APD gain fluctuation, addft in front end electronics.

A sample of PbW@ crystals has been tested with*4Cs 0.662 MeV gamma source giving a
measured crystal non-uniformity (maximum to minimgain difference) averaging 3.3%. The range for
the crystals was 1.8 — 4.8%. Because the electmdhbe showering in the crystal, this non-unifotyni
IS not expected to present a problem. The larggstat to crystal differences, which will be coredt
for by setting APD voltages, was 11% in the santgéted.

Crystal light output variation with temperatureypically about 5% per degree C for the PbwWO4
crystals at —24C ({Lecoq:19951{Chen:1998}). APD temperature vaiim is 2.5 — 3.5% per degree C.
Maintaining crystal temperature to abaut.1 °C, without doing temperature dependent corrections,
will be sufficient to prevent resolution degradatior trigger rate fluctuations from this sourc&he
APDs operate at about 1700V with gain changes otie®% per volt. This requires voltage control and
monitoring to a few tenths of a volt.

Radiation damage (described @), if any, or other radiation induced changes itbee the
PbWO4 crystals or the APD’s will be occurring onryweslow time scales, over periods of months.
Therefore the tracking and adjustment of relatiaeng and of the absolute gain calibration will be
sufficient to handle any associated changes obresp

The calibration system is designed to measure atesghin and cell to cell variation, to measure
periodically and tune the system hardware for Itemgn variations, and to measure short time scale
fluctuations to allow off-line corrections not pdds on-line. Voltage and temperature control, @litsh
not part of the calibration system per se, are ssag to keep fluctuations to within levels that te
handled by calibration.

The absolute gain of the APD’s as a function otag¢, and the response, including temperature
dependence, of individual crystal APD assemblids va tested prior to assembly of the calorimeter.
These tests, which will provide a “pedigree” accampng every assembly, will be done using
radioactive sources, pulsed blue LED’s, and cosays.



For a cosmic ray measurement, a 3 x 3 array stals pointing horizontally upward will be
sandwiched between two scintillation counters. &kgected rate of cosmic rays going through a drysta
is to be about 3 per minute for the laboratorybralion. Landau fluctuations, electronic noise and
photo-electron statistics for the most probableimimm ionizing signal of 44 MeV, give a resolutioh o
approximately 6 MeV. Collecting 1000 events in ifowould determine the position of the Landau
peak to about ¥2 %.

To determine the detailed response of the caldeinte electromagnetic showers, a 25 crystal (5
x 5) prototype calorimeter with exactly the sam# cenfiguration as the final one, will be tested i
laser backscattered gamma beam, at about 200Md@NIgs Electron Synchrotron Facility.

The APD voltages will be set according to measwatigains to equalize gains at the start of
the experiment. The original measurements will ab® used to set the initial signal to energy
conversion.

The preamp system is designed so that chargeemgillarly be injected at the front end in order
to calibrate the full front-end electronics systeniThe system described below will thus allow
measurement crystal and APD variation.

Gain changes of the APD’s can be monitored withogks calibration of individual crystal-APD
cells. The experimental geometry constrains ussgséem that injects light into the instrumented eh
the crystal. Currently, laser, LED, or Xenon flaskgstems which feed light in from the electrorecsl
of the crystal are all either in wuse or planned fovarious experiments
{BABAR:1995{Ghio:1998HALICE:1999{CMS:1997}. We ae studying what is most appropriate
for our case. The method will be tested by comparesults from such a system with the original,
outside MECO cell calibrations, prior to exposwdéeam.

Absolute energy calibration, can be provided by sneag the response of upstream calorimeter
cells to electrons above 80 MeV, whose energy iasmesd by the tracker. The energy conversion for
the back part of the calorimeter, which is lesgmftit by these electrons, can then be determiroed f
the relative calibrations. If necessary, the magretld can be lowered in the detector region tovixle
a beam of higher intensity lower energy electromsctv will go through the tracker and calorimeter.
Stated differently, these tests provide a crostiedion between the tracker momentum and the
calorimeter energy.

It may be possible to provide an absolute enerdjpredion in situ with cosmic rays. The rates
will be low. Inventing a practical trigger for thcalibration, perhaps using part of the cosmicvetyp,
may be non-trivial. Monte Carlo studies and beresgtst are planned to determine the signal distobuti
and therefore the calibration precision that caoliitained with cosmic rays.

There will thus be at least two almost independgrstems to monitor gain of most of the
calorimeter. Individual cell changes will be tradkeith a flasher system which can very quickly
calibrate each cell and be used at frequent inferizass frequent absolute gain measurements esn th
be compared with the compounded results from tlash#r system measurements to study the
systematics involved. The gains of cells near thekbof the calorimeter, for which only the flasher
system and perhaps cosmic rays are available tivatl be corrected if necessary. The symmetries of
the detector may also be exploited. APD voltagdk lve periodically tuned to keep the hardware
threshold constant to about one or two MeV.



Individual cell temperatures will be monitored lyriperature sensors connected to the back of
the crystal (see for example the Rugby Ball use@GRAAL {Castoldi:1998}). Once a trigger occurs,
the measured gain versus temperature curves ceulsdd on each event, if needed, to recalculate the
total energy deposited in the calorimeter.

1.13Calorimeter Cooling

The calorimeter has to operate a@hblsttemperature of -24C for both crystals and APD’s.
As discussed above, the low temperature operatioreases the photon yield of the crystals and
decreases the dark current of the APD'’s.

The crystal and APD region of each vane ida=ed in a copper heat sink, part of the vane snct
As illustrated in the schematic diagram (  Figure1-34) and in the photograph (Figute35) of an
example from the test setup at the NYU laborattins heat sink has cooling coils welded to it. A
continuous loop cooling-circuit, with circulatingquid, consists of a Chiller unit at the movable
counting house outside the detector solenoid, Vatty, insulated cooling lines passing through the
Instrumentation Feedthrough Bulkhead (IFB) and iommg to the calorimeter where they connect to
the cooling coils. The needed length of insulatee Wwill be approximately 25m. The temperature
derivative of the PWO crystal light yield is of ed5%/degree C. Our experience in the NYU testh wit
a Julabo chiller and ethanol as the circulatingdflshows that the temperature is stable to beltizn t
0.1° C in such a system. At this level of stability, w&pect that no event-by-event temperature
correction will be needed, although continuous terapure monitoring of the crystals and APD’s will
be important.
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Figure 1-34 Cooling and heat sink schematic diagram.



Figure 1-35Heat sink box with cooling coils from NYU laboraydests

With a dark-current of the order of order 10 nAaat APD bias voltage of order 2 KV, the
dissipation is about 2AW per APD, or a negligible 10 mW/vane. The heatdlon the chillers will be
dominated by the line losses. The heat transtan fthe heat sink box to the individual crystals and
APD'’s will be quite inefficient in vacuum, so that expect long cooling-down times. The cool-down
in vacuum will be measured during the prototypérgs

The preamps, with a dissipation ~ 200mW per chamwi#lbe enclosed in their own copper heat
sink box, and will operate at a nominal temperaafre24 C, the same as the crystals, with no stringent
stability needs. Their total dissipation of ~120f pane will be extracted by a separate outsidéechi
so that fluctuations in the preamp system tempegatmill be decoupled from the crystal-APD
temperature.

Inside the preamp enclosure the individual preangoirgd shields will be “heat-shorted” to the
heat sink box. The efficacy of this conduction laup of the preamp components in the vacuum will be
measured during our prototype testing. We wilbdisok into any existing experience by others in
running preamps in a vacuum. If the conduction iogoturns out insufficient to keep components at a
reasonable temperature, one could consider a géssare for the preamp system. However, this would
be a serious complication for the mechanical coottbn of the vanes.



1.14Mechanical Support

The four calorimeterVanes are built as identical, completely independenttaniNo
customization is made for the four different oramns of the 4 vanes, at their 3, 6, 9, and 1®okc
positions. Each Vane is housed in a Vane Enclothat provides the support frame and the cooling
envelope for the PWO crystals and their readout.

Inside the Vane Enclosure, the 256 crystals arviohehlly located and supported by a square-
cell honeycomb of carbon-epoxy composite lamina@Zmm wall thickness), a section of which is
shown conceptually in Figurg&-36. A similar carbon laminate structure is beusged by CMS and
ALICE for their PWO calorimeters. The honeycomtesgth allows a structure to be built whose dead
material is only 0.3% of the active mass of th@gdaleter. The square honeycomb structure is contained

in, and attached to, the metal box that forms @mgevenclosure as well as the heat sink for codlieg
detectors.

Figure 1-36 Conceptual idea of honeycomb cell-support structure

The vane enclosure, shown schematically in FiguB¥, has a separate compartment for the
crystals with their APD readouts and for the prelfiep system connected to them. The two
compartments are separated by a copper-G10-comdkrperforated to allow connecting the APD’s to
the preamps and high voltage. The vane encloaasdhin (~2mm Cu) wall at the electron entry face,
moderate thickness walls (~1cm) on 4 other faceberactive region for detected electrons, andck th

(~3cm) wall, performing as the attachment platéhatoutermost radius, which is outside the regibn o
relevant electron orbits.
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Figure1-37: Vane enclosure schematic.

Each of the 4 Vanes of the Crystal Calorimetetttsched to a rigid rollindpetector Cage kept
entirely outside the detector region’s maximum wadiFigurel-38),by the attachment plate at the outer
edge of the vane. Vernier positioning devices aaet jof this attachment to allow centering the
calorimeter on the axis to better then 1 mm. Theefler Cage serves as a rigid mount for the
calorimeter and for rolling it in and out of theyostat on rails attached to the inner wall of thgostat,
for installation and for servicing. The Detectoage is part of, and defined in, the detector sttppo
structure (WBS 1.3.4.8) in the Muon Beam Line.

Figure 1-38 Calorimeterdetector cage.



1.15Conclusion

Summarizing, the proposed crystal calorimeter glesia trigger for the experiment, including a
reference timeotfor the tracker drift-time digitizing. It sharpetise event signature by adding to the
precision measurement of the electron momentunmenttacker, a lower resolution, but independent
measurement of the electron's energy and of anzjxggpordinate on its trajectory. The high-energy
threshold made possible by the good resolutiorbolia7 MeV for a super-cell results in a low trigge
rate and a small final data sample. A level lgeigrate of order 1Khz appears practical.
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