GEM TN-91-00012

GEM Calorimetry Meeting
SSCL |

September 4 and 6, 1991

Abstract:

Transparencies and contributions from the GEM Calorimetry Meeting
held at the SSCL September 4 and 6, 1991 are presented. A separate
volume, GEM TN-91-00009, "GEM Calorimetry Questions and
Answers," contains proponents' responses to the questions posed by other

people.
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Tentative agenda for the September 4/6 GEM Calorimetry Group meeting
Wednesday, September 4

(morning sessions in SSCL Cafetorium)

B am - 9:45 Technology subgroups meet

9:45 am Begin General Meeting
Introduction - J. Brau
10:00 am Cost estimates/engineering -M. Rennich
10:45 am Liquid Scintillator: Answers to critics - Y. Kamyshkov
11:30 am Lunch

(afternoon sessions in the upstairs conference room)

1:00 pm Silicon: Answers to critics - B. Bugg

1:45 pm Scintillating Fibers: Answers to critics - ? ?
2:30 pm Liquid ar§6n= kpswers to critics - H. Gordon
3:15 pm Barium Fldoridé: Answers to critics - H. Newman
4:00 pm Liguid xenon: ;nswers to critics - M. Chen
4:45 pm Scintillating plates: Answers to critics - ? ?

Friday, September 6, 1991
(all sessions in SSCL Cafetorium)
9 am ﬁeview and discussion of charge, process, direction
10 am Pre-radiator discussior
general, fibers ~P. Cushman
silicon ~M. Clemen
11:30 am Lunch
1:30 pm Forward calorimetry
The virutes of forward calorimetry - J. Rutherfoord
Lig. Scintillator - B. Webb
™S - ??
Lig. argon - ??
3:00 pm Discussion of R/D plans, etc.

4:00 pm Adjourn
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Components Description Number cost/ cost/ Total Total
or type unit unit
KFF K$ MFF M$
Photodetector & Cables APD,VLPC... 135168 0.12 0.02 16.220 2.703
Front end

Front end card 192 ch. digitiser 704 17 2833 11968 1.994
Crate | 9U Euro- 48 18 0864 0.144
Processor (Acquisition) FIC 48 18 3 0.864 0.144
Synchro & trigger Lty - 48 9 15 0432 0.072
Processor (Monitoring) FIC 8 18 3 0.144 0.024
Crate inte‘r,c:gnecﬁon viC 48 15 25 0.720 0.120
Crate - VME 1 18 3 0018 0.003
Processors - FIC &RAID 5 30 5 0150 0.025
Crate interconnection  VIC , 3 15 25 0.045 0.008
Cables optical fibres... 0.300 0.050
Workstation & Periph. SUN4... 0.500 0.083

TOTAL 120 FF or 20 § per chennel § 35 205 5370
add 10% (protos,spares) (Front end + DAQ) 35448 5907

SOC ShowerMax - DSM - Saclay

17,0501

12
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Pion EFF (X-Y longitudinal cuts)
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KOWALD . GORDOL
UIREMENTS IN _SSC CALOR

The FNAL SDC Simulation Gromp
'g_sgee_gh A. Beretvas, K. Denisenko,
N. Denisenko J. Marraffino, A. Para, W. Wu}

Fermilab

1. Introduction

The depth requirements for a calorimeter to be used at the SSC are herein
explored. Obviously, this parameter is a crucial cost driving element as it defines
the size of the muon system, and the materials cost of the calorimeter itself. For
this reason, it is imperative to make the calorimeter depth as shallow as possible.
Balancing this tendency, the depth must be of a sufficient thickness so as not to
compromise & variety of Physics issues., Among those topics are jet cnergy

resolution )the size of the cross section for missing transverse momentum, and the ———
flltﬂrinf Of h&dfﬂl‘ll hefare fhn"tr antaw th_a mean mveod e

o S ——

2. Longitudinal Leakage in Calorimeters

The first task to be accomplished is to collect data on longitudinal leakage
and leakage fluctuations in calorimeters. This data could then be parametrized
and the parsmeterization used in a Monte Carlo program. It was thought to be
important to use an ensemble of data sets since they would differ in energy
range, beam tagging, transverse containment, longitudinal coantainment, and
perhaps other systematic factors.

It is also true that in extrapolating to the SSC one must go beyond the

region of validity of the data. A variety of functional fits allows one some idea
of the systematic errors in this case.

2.1 CITF Model

As a first gicp, the data from the CITF ccllaboration!!] are parameterized so
as to make a model to extrapolate to all energies. Some of the data are shown
in Fig. 1. The approximation is made that the fluctuation in the contained

energy fraction f, scaling as { causes a degradation in energy resolution, r =



dE(f)/dE(1), which is energy independent. It is further assumed that the depth
of absorber needed for a containment fraction f scales logarithmically with the
incident energy E, see Fig. 1b. This assumption is obvious, given the genersl
[21
1=

properties of hadromic showers. The parameterization given below, Eq. 1, is

shown as dashed curves in Fig. 1. The energy, E, is in GeV units.

(1-1/r) = a/f
D = D, exp(-bv/i-f) (1)
D = c (1 -+ dlnE).

[+

i

The parameters are, a = 0.9, b = 3.2, d = 0.43, and ¢ = 3.51 absorption
lengths in steel. Note that in what follows, an absorption length is defined to be
16.76 ¢cm of steel. This form provides a reasonable representation of the data
given in Fig. 1. Shown in Fig. 2 is the value of r as a function of depth at
fixed energy. Again the parameterization given in Eq. 1 works fairly well. Other

dets eate hewe hoa shasked szsinet thiz formulaticz, L data sel spasuiug the
ErTTN STETC)T TAN,L 2 weaw S3Pidseuled DYy Tie I = w.50 curve analogous to those

data shown in Fig. 1b.83 Similarly, the curve analogous to Fig. 2 is well
represented at lower energia.[“} However, as a note of caution, some datal®! for r

as a function of E are not well matched to Eq. 1, at least at energies above 100
GeV.

2.2 WAl Model

The form given above will be used in all the work which follows. It is
convenient for hand calculations and for incorporation into Monte Carlo
simulations. Note, however, that this formulaiion represents only the Gaussian
part of the error. There is a long asymmetric tail which has not been
parameterized. In order to answer this objection to the model and to obtain an
ensemble of data sets a second form was also studied. Having several forms
allows one to check that the conclusions are stable under variations of the input

assumptions. This second model uses an averaged shower sha.pe.lﬁ]

dE = ¢, fo t*le®dt + c¢,(1-fo)D*'e¥PdD. (2)



The energy has an electromagnetic, (fo), and an hadromnic, (1 - fo),
component. The depth is in radiation length, $, units and absorption length, D
= M/ho, units. The normalization is, ¢, = Eb*/T{a) and ¢, = Eg*/T(a).

Assuming that the electromagnetic energy is rapidly absorbed, the hadromic
energy fraction leakage from a depth v = gD, AE/E)a.nd the corresponding energy

error (using an asymptotic expansion) ,dE/E, due to fluctuations in electromagnetic
fraction, dfo, and conversion point, dD, is,

AE/E = - (1-fo) T(aw)/T (a) 3)
dE/E ~ (AE/E) (1/[1—1‘6]) dfo @ [-1 +{‘a.-9/v] dD. ( e

In Eq. 3 I'(a,v) is the incomplete gamma function and only the first term in an
asymptotic expansion has been retained in estimation the error. Using the
parameters a, b, g, and fo given in Ref. 6, this form was checked against the

form given in Eq. la, i.e. 15 f = AE/E? The agreement is quite good. The S
advantage otﬂond schéme is that the fluctuations in the hadron conversion

point, dg) and in the ejectromagnetic fraction, dfo, will lead to an asymmetric
distribution in AE/E and hence to a tail in the resolution dE due to the
fluctuations in AE. In Eq. 3 only the Gaussian error is quoted.

2.3 CDHS Model

A third technique uses the data on resclution due to leakage given by the
CDHS group.) A reasonable representation of the data, after deconvoluting the

calorimeter resolution itself, is
ST T T % )
- - - had

(dE/E) = 1.6 e'(D/DEFF) - E <)- A Rl
| 4

Dppp= 093 (1 + 0.49 InE).

P
[

p—y —

Thus, at any depth D, for any energy E, one can find the effective interaction
length Dy, and then the leakage contribution to the energy resolution.

For example, at 1.0 TeV, for a depth, D, of 10, Dyrp = 4.08 and (dE/E)
due to leakage is 14%. By comparison, using Eq. 1, the first method yields D
= 13.84. Since the first two methods have depths referred to the interaction



point (Eq. 1, Eq. 2), while the third method refers to the physical calorimeter
depth, roughly 1 absorption length should be removed in comparing Eq. 1 to Eq.
4. Thus, D = 9 in Eq. 1, the containment factor f is 0.98, and r = 1.14.
Since r refers to the ratio of resolution with respect to dE(1) = 1.1/VE @ 0.03 =
0.046, the deconvoluted leakage error is (dE/E) 2.5%. At first glance, these two
formulations do not seem to be compatible. |

In fact, the discrepancy is only apparent. The CDHS fit uses rms for a
distribution which is distinctly not & Gaussian. We have compared the data of
Sections 2.3 and 2.4 antlyzed in comparable ways and convinced ourselves that no
contradiction exists. That being the case, we drop reference to the CDHS model
in what follows since we do not have available a convenient Gaussian fit to be
parametrized.

24 Lab E Model

In order to improve the energy range and containment pronerties availahle in
the models, Lab E test beam data was used.l] Thie data spane the rangs 1% to
450 GeV, which we will see is a range almost sufficient for the maximum
transverse energy jet accessible at the SSC. The energy seen upstream of a given
depth was fit to a Gaussian, and the width was characterized as in Eq. 4. Since

the algorithm was different, compared to the CDHS :R\._I}/[_:v./dilcuia.tian, the values
were, therefore, rather different. The parameterization was, dE/E = 0.5 exp (-
D/Dgggp) with Dgep = 0.88 (1 + 0.35 InE). The contained energy fraction, f,
was found to be well represented by the form given in Eq. 1. The values of the
parameters for the Lab E data, b = 2.4, ¢ = 5.5, and d = 0.19 result in values
of D and D, which are compatible with those of the CITF model over the range
of energies spanned by the data.

These three models were used in all subsequent work. The spread among
them is an indication of the ‘‘systematic error’ to be found among the existing
published data on depth and energy resolution in hadron calorimeters.

3. Dijets and Depth Requirements

One possible physics topic which might drive the design of an SSC

calorimeter is the measurement of dijet masses. The question to be answered is;

__..———-'_‘""-—L"



what is the highest possible dijet mass which can be measured at SSC design

luminosity? From the answer follows the highest jet energy which must be well
measured.

3.1 Maximum Accessible Mass

The question of QCD jets has been addressed many times in the context of
the SSC.®! Curves are given in Ref. 9. A rough parameterization is needed to
extrapolate from these curves to the cases of interest. The simple form!!® shown
below has been adopted to do this extrapolation:

do/dM = g(1 - M/VE)'2/MS, (5)

The constant g is roughly 1.2 mb (GeV)?, M is the dijet mass, and s is the
square of the CM energy. This form is an adequate representation of the exact
calculation'® for dijet transverse momenta, P, ~ M/2, in the range 2 to 4 TeV.

yr -

Uslizg whis fwem Oite lade illal ai design lwminosity, in a one year, = lu- sec,
¢, thess ure ~ 100 events in a 22% mass bin for a L0 TeV dijet mess (¥, =
5.0 TeV). Hence, one runs out of statistics at a dijet mass around 10 TeV in
that the statistical error is 8% in a bin set by the 2% resolution.

3.2 Fragmentation

The next task is to make the connection between jet energy containment and
the energy containment of individual hadrons. For the purposes of hand
estimates and building up intuition, a simple form(!!l of the jet fragmentation
function, D(z), is adopted. This function specifies the probability that a jet of
momentum P fragmentz into 2 hadron of momentum k; 2z is the momentum
fraction carried off by the hadron:

ki = ziP,Xzi=1
D(z}) = [(h+1) (1-2)%/z

<n> = (h+l {1/2(’)) h-hlh-l]/4+ +1/%
z, = m/P.

(6)



This form is & ressonable parameterization of the existing ete datal!?dl for the
charged multiplicity if one assumes that the total multiplicity is a factor 3/2
higher and if h is ~ 6.0. This form also provides a good representation of the
CDF data.'3l The shape of D{z) as a function of z is given in Fig. 3. The
dashed and dashed-dotted curves are the approximate forms, D(z) = 7/z and D(z)
= 125 exp (-13z) respectively. Since the integral of D(z) is the multiplicity, Eq.
6, one can find the average location of particles in the fragmentation chain. The
locations are also indicated in Fig. 3. For example, the “leading” fragment exists
between z = 1.0 and z = 0.174. Although the fluctuations are enormous, one
can assign a mean z location for the leading fragment.

<z,> *~ 0.23

(7)
k

¢ ~ <z, >P..
This point, <z,>, is defined to be the point where the mean multiplicity
starting from the end naint of z »t 2 = 1 ie = 0.5. Hence. it i« tha masn

location nf the “leadine” freoment.

The estimate for <z,> allows us to estimate the anguiar scaling of an SSC
detector immediateiy. A glance at Eq. 1 shows that, for a given containment
fraction f, the required depth ratio depends only on energy and not f. Picking a
fixed P, = 5.0 TeV, set by the maximum accessible dijet mass, k, = <z,> P..
The dependence as a function of rapidity, y, is quite weak (logarithmic). The
approximate relation, y = -ln [tan (6/2)] has been assumed:

D(y)/D(0) = (1 + d In [k,/sin 6])/(1 + d In[k)). (8)

'The ratio is displayed in Fig. 4. Clearly there is only a minor thickness
increase in the calorimetry as the result of increasing y from y = 0 to y = 3.

Note that this result is independent of which value of f is ultimately deemed
necessary.

3.3 Estimate, f = 0.99

As a first guesstimate, one can ask for f = 0.99 for a jet of transverse
momentum P,. As seen in Fig. la, this requirement would insure that the dijet



mass would be well measured on the scale of the calorimeter energy error, which
at high masses would be a few percent. Individual particles in the jet would be
measured to 4% error or less due to leakage. Using <z,> and taking as an
upper limit M = 10 TeV, one gete the curve of 99% containment depth as a
function of P, which is shown in Fig. 5. This Figure is made by assuming that
the f = 0.99 criterion applies to the leading fragment. Using this criterion, one
gets a very crude estimate that ~ 10 to 11 absorption lengths are required.

3.4 Mass Errors Due to Calorimeter Resolution

There are many sources of mass error. For ‘‘low’” masses, 0.1 TeV and 1.0
TeV, the mass resolution is not determined by the energy measurement but by
fluctuations in the jet fragmentation and in the underlying event.! As discussed
below, at high enough mass, this will not be the case. In the equation which
follows it is assumed that the vector sum of momenta is roughly the scaler sum
(Eq. 6). One further assumes that, as in low P, jets, the mass resolution is
dominated by momentum errors. Finallv. one asgsumes that the ralorimeter
granularitv iz sufficiently fire that individusl hadwens are indecondantly mmenzupcd,

If the calorimeter energy resolution, dE, determines the mass resolution, dM, then;

dE/E = s/VE @ t

(9)
dM/M ~ /M @ t<z,>/v2.
The second formuls i‘[ follows from the first uamg Eq. 6 and propegating the —

errors. It is assumed that the sum of the sqsures of z, can b‘goe approximated
by the leading term 2.

. A TorNe —_—

—

For exampie, a typical hadronic calorimeter resolution might be s = 0.5, t =
0.03. These vaiues of the pararmeters have been used in the Monte Carlo studies
described below. This single particle resolution leads to a dijet mass resolution as
given in Eq. 9. The resolution, dM/M, as a funcﬁi_gn of calorimeter depth, at
fixed mass = 10 TeV, is shown in Fig. 6. In this figure, the value of r in Eq. ~—

1 was assumed to refer to the guoted resolution of Ref. 1 folded in quadrature

with a leakage term, as discussed above. NS

\C—!("‘



Clearly, the constraints on depth are rather soft, given the logarithmic
dependencéf UqNote that D, ~ 14.1 absorption lengths for the leading particle
fragment. '1\\Iote also that dM/M is ~ 1% at great depths which is very small on
the scale of “low” mass errors.!¥ Obviously, a detailed Monte Carlo is required
to quantify these estimates and to elucidate the size of the fluctuations due to
fragmentation, the underlying event, and the existence of heavy flavors in the jet.
For this purpose, the package SSCSIM, a FNAL supported product,u‘r'] was used.

3.5 Monte Carlo Results

There are several effects in addition to measurement error which are
important to dijet mass resolution. The underlying event contains a fluctuating
amount of transverse energy which may fall into a ‘‘cone’ containing the jet.
With a density of 8 particles per inelastic event per unit of rapidity, where each
particle contains roughly 0.6 GeV of k,, one has 4.8 GeV per unit of y. This
means roughly 1.1 GeV within a cone of radius, R = V(Ay)? + (A¢)%-0.8 for

“minbias’ events. Hard scattering events have a higher deneitw: the QQO/QTMS
resnlt is that thera ie ~ K0 G2V within = znne of =adive R - na f- 10 TV

dijet events.

The jet contains many soft fragments as shown in Fig. 3. For a cone of
radius 0.7, and k, ~ 0.6 GeV, all fragments with momenta less than k .. = 0.86
GeV will fall outside the cone radius and be lost. Given the form of D(z), this
means that ~ (h+1)k_, ~ 6.0 GeV falls outside the search cone. One can
optimize the search cone; but a smaller size loses more fragments, while a larger
size adds more extraneous underlying event energy. Thus, there is an optimal
cone. In this work the magnetic field effects are not studied. Presumably, they
would act so as to increase the fluctuations.

Fluctuations set a scale P, ~ 5 GeV for fluctuations into or out of that
cone as we have seen above. One expects, very crudely, that this error
contributes to dM/M a term to be added in gquadrature to Eq. 9.

(dM/M)g,. = V7 Pgy/M- (10)

A fixed vaiue of P,  means that at high masses fluctuations are less
important and that the ‘‘intrinsic” calorimeter resolution may begin to be the



dominant term in the dijet mass resolution. The scale for Py, to cause a 1%
error, dM/M, is estimated to be M = 0.7 TeV in the case that P, is caused

by fluctuations due to fragmentation and the underiying event.

First one needs to optimize the cone redius defining the jet. In Fig. 7 is
shown the standard deviation of the reconstructed to generated dijet mass ratio,
6, as a function of cone radius. If only jet fragments are used, the error
decreases smoothly till it reaches a value ~ 0.01 at R ~ 1.0. When the
underlying event, and its fluctuations, are added the minimum error occurs at R
~ 0.6. The error is then increased to ~ 2%. This simple ciustering algorithm
has been checked against a more complete approach.*! The resuits given here
are stable with respect to the treatment of clustering. Note that in order to
contribute to dAM/M by 1.4% the scale of momentum fluctuations must be ~ 100
GeV. This size for Py, is well above the ~ 5 GeV scale which was previously
estinated. The origin of this scale for Poue

radiation and neutrino losses from heavy flavors as will be discussed below in
Section 4.

is ‘‘hard’ non-colinear gluon

A histogram of the ratio of reconstructed to generated dijet mass is shown in
Fig. 8. The bin width is 1%, and the error is 1.3% for the case of R = 0.8
with only dijet fragments used. Note the long ‘“‘radiative’ tail which is due to
gluon radiation and neutrinos, as will be discussed later. We assume that this

“radiative tail” is soft enoughy -’.lz—ha.t it cannot be tagged amidst the general
debris of the dijet event.

A histogram of the energy of the leading hadronic fragment is given in Fig.
9. Note that the mean <z,> is 0.26 with a standard deviation of 0.14. These
results are consistent with the expectations drawn from consideration of Fig 3.

The result for the mass error as a function of calorimeter depth is shown in
Fig. 10. By comparison with Fig. 6 one can see that a purely resolution
dominated (Fig. 6) calorimeter with a mass error of ~ 0.7% shifts to a mass
error of ~ 2% (resolution and fluctuations) in the case of a very thick calorimeter.
The shift in asymptotic resolution means that 10 absorption lengths is more than
adequate. The uncertainty is roughly 1.1 unit due to the spread in the data
sets. This is an estimate of the extrapoiation and systematic errors.

3
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4. Missing P, and Calorimeter Depth

A signal for the existence of high transverse momentum neutrinos in an event
is 2 large missing iransverse momenium. Cleariy, this signai can be mimicked by
a lack of “hermeticity’’ caused by holes in coverage at small angles, cracks due to
leads or supports, or “leakage” due to inadequate depth of calorimetry. Thus an
SSC calorimeter should be deep enough that leakage should not dorinate the real
sources of neutrinos. A limit to the required depth is provided by the evolution
of a gluon jet into a heavy quark pair. The semileptonic decay of either quark
provides a source of neutrio:‘a‘s which will ‘“‘leak’” out of the calorimeter
undetected. It is in compa.riso;l to the scale of this leakage that the scale of
calorimeter depth should be evaiuated.

41 J+ QQ + qw

First, what is the physics source of neutrinos? Obviously there are many.
What concerns us here are sources topologically similar to those caused by
calorimmeter leakage. A giuon jet has a finite probability to vacuum fluctuate into
a heavy quark antiquark, Qa, pair which then semielectronically decays in the
core of a jet.'®! This process acts as an irreducible physics background source of
neutrinos in the vicinity of jets. It is assumed that a2 muonic decay is tagged (I
= g) but that in an electronic decay (I = e) the e will be lost in the core of
the jet. A rough estimate of the probability is given in Eq. 11. The strong
coupling “constant” is taken, for purposes of hand estimates, to be = 0.1. This
value is not unreasonable given the mass scales invoived and the slow, logarithmic
“running” of a. The value for the semiloptonic branching é/ratio, B(Q + glv) is
taken to be 20%.

=)
A

a, /7 In(2M,/P,) B(Q+qiv)

(11)
(Pmiss ~ P./6
The cross section for jets, Eq. 5 in arbitrary units, and for the neutrinos, Eg.
11, is shown in Fig. 11. At a ﬂxed_ P, the missing P, due to neutrinos is down
by a factor ~ 10°% with respect to the jet cross section. This factor has 2
components. First, as shown as a vertical dashed line, the probability for g ~
Qa, Q + q :u v is about 1%. Second, the reduced P, of the neutrino with



respect to the gluon, coupled with the steep gluon P, spectrum, reduces the cross
section by another factor of ~ 1000 at fixed P,. This six-fold reduction going
from P, to P, is shown as the horizontal dashed line in Fig. 11.

4.2 Jet Leakage

In comparison, a calorimeter of finite depth will leak some fraction, 1-f, of its

energy out the back. This leakage will cause one to miss some of the energy.

?:z(Pt)mjn ~ (l'f) Pt' (12)

The resulting spectrum for 95% containment is shown in Fig. 11. One
obtains it by using the jet cross section and derating P, by a factor of 20 to get
?t due to incomplete containment. Clearly, this loss of energy leads to a missing

P, cross section quite comparable to the irreducible rate due to the decays of
heavy flavors in jets.

The d”i‘-:z\_ et pmimen lm b

coitenicn st make e felotiiutiaic lvalzpe -l Yhe physiis wcaxage
at all accessibie (luminosity dependent) dijet masses. An estimate for 10 TeV
dijet mass, P, ~ 5.0 TeV, k, ~ <2,>P,, is that ~ 7 ¢ 1 absorption lengths are
needed. Thus the limit on depth placed by the dijet mass resolution appears to
be more stringent than that imposed by leakage. Note that this limit has been
estimated using only the leading QCD hard Qa fragmentation. It is also true
that the response function has been assumed to be a Gaussian characterized by a
standard deviation. There are, however, tails which, if not removed, lead to
missing transverse momentum which may dominate over real physical processes.lm
We defer discussion of the tails until longitudinal segmentation is discussed.

4.3 Leakage and Calorimeter Resolution

It is interesting to note that the evolution of gluons into heavy flavor
fragments places an upper limit on the accuracy of any calorimeter. Thus, one
must note that the ‘“leakage’ of a jet limits the ultimate ‘‘constant term’’ which
one can attain for jets. The probability for a dijet to produce a neutrino can be
roughly estimated, in perturbative QCD, from leading fragmentation to be;

P () ~ (4 a,/7) In (2My/P,) B(Q + aly). (13)



For a 10 TeV dijet, P, = 5.0 TeV, this is ~ 8% for b or c decays into
electrons and neutrinos. When that decay occurs, the jet loses ~ 1/6 of its total
epergy on average or, roughly, 5000 GeV (0.08)/6 = 66 GeV is lost per jet or
1.3%. This loss leads to an error on the jei energy which piaces a lower limit
on the accuracy of energy measurement. The long tail and asymmetric

broadening of the mass peak in Fig. 8 is partially due to the presence of
neutrinos in the jets.

4.4 Monte Cario Results

The Monte Carlo program with dijets was used to study the neutrino
leakage. A plot of the ratio of the mean leakage energy to the mean neutrino
energy for 10 TeV dijets is shown in Fig. 12 as a function of calorimeter depth.
At ~ 12 absorption lengths the lenkage energy falls below the “intrinsic’’ leakage
due to neutrinos from heavy flavor decays. This result is more restrictive than
that which is inferred from Fig. 11, which reflects the effect of an entire chain of

fragmentation fluctwatinng tn Of) within the iet  Note that Fix 11 zzoum

- - e it e um;; v‘l‘:

“loadine? fprategtions.

This cascade effect is displayed in Fig. 13 where the distribution of the
fraction of the jet energy possessed by the neutrino is plotted. Most neutrinos
are quite soft; the mean energy fraction for all events is 1.6% with a spread of 2
1.4%. However, only 18% of the events have a neutrino, and for these events
they carry away approximately 5% of the energy. Clearly, the neutrino leakage
effect contributes substantially to the resolution of a thick calorimeter for very
high mass dijets.

Assume that the mass error is due to the effects of resolution, fluctuations
due to fragmentation and underlying event, neutrino leakage, and depth leakage
folded in quadrature. For depths above 10 absorption lengths, the depth leakage
is not important. The fluctuaetion term, Eq. 10, falls as 1/M, and is small for
large masses. The effects of stochastic contributions to the energy resolution fall
es 1/vM, Eq. 9, while the neuirino leakage rises as In(M), Eq. 13. Finally, the
effects of non-colinear gluon emission dominate at high masses..!8)  This latter
effect has a very soft (logarithmic) decrease with mass. At 10 TeV, the gluon
radiation fluctuation is most important, followed by neutrinos, while the energy
measurement errors are only third most important.



5. Depth Required for Muon Identification

The calorimeter also serves as a preliminary filter for the muon identification
system. Clearly, one should examine whether the total depth of the calorimeter
i= also sufficient for this task. The total depth of the muon system is set by
global considerations for muon identification.!?! The calorimeter depth should be
sufficient to insure that the rate from hadronic punchthrough is less than the
irreducible rate from pion decays in the tracking volume. In order to explore
this criterion, the source of pions was taken from CDF data for tranaverse
moments, P,, below 10 GeV.[20  The cross section was scaled up to give a
rapidity space density of 8 particles per unit of y. The resulting rate, at SSC
design luminosity, at y = 0, for pion decays into muons, with a 2m decay
radius, is shown as a function of P, in Fig. 14a. Clearly, after 10 absorption

lengths, the rate integrating over all P, is roughly 10° Hz per unit of repidity.

The pions from minbias events also occasionally punchthrough the calorimeter
into the region occupied by the inner muon detectors. The rate of pninehthrangh
is estimated using a parameterization of the WAl data.l3!]l The rates for
punchthrough are given in Fig. 14b, along with the pion decay rate. Clearly,
real muons dominate over punchthroughs for a calorimeter thickness > 7
absorption lengths. Since this thickness is less than that which has already been
considered on the basis of resolution and leakage studies, one concludes that no

more stringent requirement appears to be imposed by considerations of the muon
system.

6. Longitudinal Segmentation and Depth

6.1 Energy Asymmetry and Resolution

Until now the calorimeter has been considered to be a unitary object.
However, at some point the fact that the cost of materials scales as D3 means
that depth segmentation may become an attractive alternative to adding more
depth. In the context of the WAl model {Section 2.2), dividing a D = 10
calorimeter into D1 = 6 and D2 = 4 segments allows one to measure the
interaction point and therefore estimate and/or tag the leakage.



The interaction point is determined, on average, by the energy asymmetry &
which is correlated with the energy leakage fraction 7

5 = (E, - E)/(E, + E,)

(15)
v = EL/E.
A plot of the numerical results for the mean values of § and 7 at
representative energies and interaction points is given in Fig. 15. The form of
Eq. 2 was used, but the additional smearing due to the fluctuation in shower

shapes, dfo (Eq. 3}, was not put in. The relationship is sufficiently well
parameterized by the form

6 =10 - 17/7
EFF (16)
1/7gpp = 4.2 (1 -0.005 In E).
Clearly, in the absence of any other fluctuations in the shower, the enerey
leakage can be corrected for using the depth segmentation. This correction should

improve the energy resolution by correcting for the interaction point smearing (see
Eq. 3). '

The containment and resolution of a D = 10.1 calorimeter longitudinally
segmented into D1 = 6.6 and D2 = 3.5 were studied using the Lab E data.
Representative data are shown in Fig. 16. In Fig. 16a is shown the distribution
of containment fractions, f, for 450 GeV beam incident on the calorimeter. Note
the Jong tail caused by fluctuations in the hadronic shower development. These
fluctuations defeat attempts to use the energy asymmetry 6 to make the
calorimeter thinner while preserving the resolution. It was found that no
improvement in the Gaussian part of the resolution could be obtained using
information from the two depth segments.



6.2 DBack Section Veto and Containment

The non-Gaussian tails in the resolution due to fluctuations can still be
reduced. In Fig. 16b, iz shown the same distribution except that the cut on A,
the ratio of D2 energy to total incident energy, 4 < 0.18, was made. Clearly,
the long tail is much reduced while preserving the events in the f = 1 region
with good efficiency. The cut passed ~ 85% of ell events. Harder cuts on A
improved the containment fraction average.

The segmentation studies were then extended to cover different energies and
total depths. After some inspection of the events it was decided to keep a D2 =
3.5 depth back segment. The reason for this is that the low f hadronic showers
often appear ‘‘disconnected” with initial clumps of energy, a gap, and then a
second energy clump. The width of these gaps roughly dictates the value of D2.

In Fig. 17a is shown the efficiency for events as a function of A, The
efficiency fails roughly logarithmically with the cut. At a fixed depth, D, the

efficiency falls with energy at fixed A as expected since showers penetrate Anana-

inta the calorimeter with inereasing energy. A+ fixed osnesgy the officicn-T o

T - Gasnk

fixed A falls as the total calorimeter depth is decreased.

The fraction of events, F, with less than 95% containment as a function of A
is shown in Fig. 17b. At an energy of 450 GeV, using the resolution that has
been assumed so far (dE/E = 0.5/VE @ 0.03) the error is dE/E = 0.038 which
sets a scale which should be comparable to F. This fraction, F, falis as a power
of A as one expects since that is the purpose of the A cut. It also rises with
energy at fixed <., as expected. At fixed A, F rises as D decreases since a
thinner calorimeter will leak more.

Comparing the Figures, one can establish the tradeoffs. First, some
longitudinal segmentation cut is needed in order to control the tails lest the real
missing transverse momentum signal due to neutrinos be swamped by leaking
hadrons, {17! Second, can the calorimeter be made thinner to save costs? As
shown above, for D < 10, a thinner calorimeter degrades jet energy measurements
at the highest accessible jet energies. Third, the fluctuation tail cau be controlled
with a thinner calorimeter, but at the cost of an inefficiency. ¥For example, if ¥
= 0.05, i.e., 95% containment for 95% of the events, then for 450 GeV, A = 0.36
for D = 10 with € = 1.0 while A = 0.14 for D = 8.7 with € = 0.5. Since 450



GeV corresponds to z ~ 0.09 for a 10 TeV dijet, which is < z,, one expects that
the rare high-mass dijets will be vetoed by the leakage cut on A leading to a
large inefficiency if D < 10.

7. Summery and Conclusions

The requirements of SSC Physics on calorimeter depths were studied. First
an ensemble of data sets at energies < 450 GeV were assembled and
parametrized. This ensemble, when extrapolated to SSC energies, indicates the
range of systematic errors.

The Physics process which was chosen was dijets at the highest accessible
(rate limited) mass, M = 10 TeV. The leading fragment in such an event has
zy » 0.2 or k ~ 1 TeV. Using the parametrizations, one finds that D{y =
3)/D{y = 0) = 1.2. Only a 20% increase in thickness is needed as
pseudorapidity goes from zero to three.

A Meonte Cazle siudy o the dijes Lusss resoiunion indicated dM/M ~ 2% for
U > a0, For waianer calornmeters, the Gaussian part of the resolution was
increased due to leakage errors. The dijet mass resolution was found to depend
mostly on fragmentation fluctuations, which reduced the sensitivity of dM to
calorimeter resolution and leakage effects.

Neutrinos from Qa pairs which evolve in the jet begin to become important
for dM at the highest masses. Defining the criterion to be that missing P, due
to leakage be less than missing P, due to neutrinos in jets leads to the
requirement D < 11.

The calorimeter also removes hadrons as the front filter for the muon system.
Defining the criterion to be that the rate behind the calorimeter due to
punchthrough (leakage) be less than the rate due to pion decays in a 2 m radius
upstream of the calorimeter leads to the requirement D < 7.

Longitudinal segmentation was found not to be useful in improving
resoiutions. However, it is extremely useful in vetoing the long tail in the
resolution corresponding to poor containment/large leakages. A cut of A = 0.18
effectively removes the non-Gaussian leakage tail for energies < 450 GeV in that
the fraction with 95% energy containment is = 97% (450 GeV), > 98% (< 100



GeV), if D = 10. The loss of real events with this cut is < 15% for E < 450
GeV.

In conclusion, given a systematic error spread due to the extrapolation of
existing data, a calorimeter with depth D = 10 segmented into D1 = 6.5, D2 =
3.5 will not degrade jet measurements, muon systems, or Imissing transverse
momentum measurements at the SSC.



REFERENCES

[IF.J. Sciulli, Calorimeter Workshop, May 1975, Fermilab.

2ls. Iwata, DPNU-3-79, February 1979, Nagoya Japen.

BIM. Holder, Nuc. Inst. Meth. 108, 54 (1978).

4IK. Rauschnabel, KEK-EXT 3/78-5.

BID.L. Cheshire, Nuc. Inst. Meth. 126, 253 (1975).

PlR.K. Bock, Nuc. Inst. Meth. 186, 533 (1981).

"E, Hughes in International Conference on Calorimetry in High Energy Physics
October 1990, Fermilab.

BlF.). Sciulli et al., Unpublished data from hadron test beam exposures of the
full sized neutrino detector. The detector dimensions insure negligible
transverse or longitudinal leakage in distinction to other test modules.
W.K. Sakumoto et al., Nuc. Inst. Meth. A204, 179, (1990).

413.F. Owens et al., Design and Utilization of the SSC, proceedings of, Snowmass
1984, 218 (1984).

19D, Green, PP Collider Physics, FNAL-CONF 89/70.

d4D, Green, Dijet Spectroscopy at High Luminosity, FNAL-CONF-90/151.

3lgeview of Particle Properties, Phys. Lett B, 239 1-516 (1990).

[3IR. Plunkett and F. Abe et al., Jet Dynamics at the Tevatron Collider,
FNAL-Con{-89/261-E, Phys. Rev. Lett. 85, 968 (1990).

Mw. Wu. SSC-SDC-F60, SSC-SDC-F63 Internal Notes.

1514, Beretvas et al.,, SSCSIM User Guide, SSC-SDC-F31.

t6lp K. Ellis, An Introduction to the QCD Parton Model, FNAL-CONF-88/60-T.

73, Hauptman, M. Pang. SDC Note, (1989).

18G, Sterman and S. Weinberg, Phys. Rev. Lett. 39, 1436 (1977).

[8]D. Green and D. Hedin, Nuc. Inst. Meth. A297, 111-120 (1990).

20)F, Abe et al., Phys. Rev. Lett. 61, 1810 (1088).

2D, Green, In Workshop on Triggering, Data Acquistion, and Off-line Computing
For High Energy/High Luminosity Hadron-Hadron Colliders, FNAL
Nov. 11-14, 1985.




FIGURE CAPTIONS

1. Dashed curves refer to the parameterization described in the text.
Solid curves refer to 2 model described in Ref. 1.

a. Resolution ratio as a function of energy for several energy
containment fractions, f.

b. Distance in steel required for a given energy containment
fraction as a function of energy for 3 values of f.

2. Resolution ratio with respect to total thickness at fixed energy, 200
GeV, as a function of calorimeter depth. Dashed curve is a
parameterization as described in the text.

3. Fragmentation function D(z)} as a function of z. The points are
taken from Eq. 6., while the dashed and dashed-dotted curves are
approximate forms which are discussed in the text. Also indicated

= &L M Lot 4 b LI - a1 Tt -
Qiv wa & v aaGEs APPIVELAGLE WV Wbl bieEd L Wvukdl u.

4. Ratio of depths required at y = 0 and at variable y as a function
of y for a 10 TeV dijet mass.

5. Required calorimeter depth, in steel absorption length units, to
achieve f = 0.99 as a function of the P, of the jet.

6. Fractional dijet mass resolution for a 10 TeV dijet mass as a
function of calorimeter depth. Note that the resolution at great
depths is only that due to energy resojution of the jets; fluctuations
in fragmentation and the underlying event have not been included.

7. Standard deviation of the ratio of the reconstructed to generated
dijet mass for 10 TeV dijets as a function of containment cone
radius R. The points, o, refer to the case where only jet fragments
are used. The points, ¢, refer to the case where all particles in the
event are used if they fall within the cone.

8. Histogram of the ratio of reconstructed to generated mass for 10
TeV dijets using a cone of radius R = 0.6. Only jet fragments are
used in the calculation.



10.

11,

12.

13.

14,

15.

. Histogram of the energy of the ‘‘leading” hadronic fragment for a 10

TeV dijet. The energy units are GeV,

Error on the ratio of reconstructed to generated dijet mass as a
function of the depth of the calorimetry for 10 TeV dijets; CITF -,

WALl o, Lab E, 2, parametrizations. ¥

Cross section (arbitrary units) for missing P, due to jets. For jets,
¢+ The two
possibilities which are shown are semileptonic decays of heavy quarks

the horizontal axis is the jet transverse momentum, P

from leading fragments of gluons and leakage of jet fragments due to
finite calorimeter depth.

Ratio of mean leakage energy to mean neutrino energy as a function
of the calorimeter depth. The hatched region corresponds to
“leakage’ dominated by neutrinos.

Histogram of the fraction of the jet energy carried away by

neutrinos. For leading fragmentation this fraction would be equal to
1/8.
Rates behind the calorimeter germane to muon detection.

a. Rate for muon decays as a function of P, at y = 0. The
shaded area corresponds to the range cut of 10 absorption
lengths of steel.

b. Reduction factors with respect to pion rates for decay muons, °,

punchthrough at 7 absorption lengths, ) and at 8 absorption —

lengths, o, as a function of P, at y = 0.

Energy depth asymmetry, &, calculated using the WAl
parametrization as a function of leakage ratio, 7, for various energies;

: "' f"’l‘-r."a S

@

100, 200, 400, 800 GeV corresponding to *, o, &, and V,—

respectively. The calorimeter depths are D = 10, D1 = 6, and D2
= 4. The electromagnetic fraction, fo, is fixed at the WAl value.



16. The distribution, for 1000 events, of the containment fraction f for
450 GeV incident beam.

a. D = 10.1 calorimeter, no longitudinal segmentation.

b. D = 10.1 calorimeter with D1 = 6.6 and D2 = 3.5 longitudinal
segmentation. The fractional beam energy, 4, in the back, D2,
segment must be < 0.18.

17. In this Figure lines are drawn to guide the eye. Solid lines refer
to 100 GeV data while dashed lines refer to 450 GeV data. The
meaning of the symbols is that:

s = 100 GeV, D = 10.1, D1 = 6.6, D2 = 3.5
o= 450 GeV, D = 10.1, D1 = 66, D2 = 35
TV = 450 GeV, D = 904, D1 =59, D2 =35 ____
(= 450 GeV, D = 8.7,D1 =52,D2 =35
2, Efficioncy of event scsemtancs sz = funmstion of ) L. lacilcadl

besii emergy cue i ille Dack Segmeui.

b. Fraction of events, F, with containment fraction, f, < 95% as a
function of A.
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Reasons to Choose
Scintillating Fibers
over Liquid Scintillator

(_g{".\ mike decsiom +°di0‘

1) Should not choose technalogy for which prototypes
have not been built and tested

SPACAL -- 6 different prototypes built and tested,
6 publications in NIM, 2 CERN reviews

SSCintCAL -- 3 different prototypes, 2 tested
2 SSCR & D reviews, 1 TNRLC

Liquid Scintillator -- No prototype (not even EM)

“ Aﬂp‘h U;g-‘mlra uork R cteu']b, ISy 'h’ W-‘*"(S )

2) BaF2/LXe may eventually not be sclected
($$ or R & D results)

Then only LAr andgScintillator remain -->

if liquid scintillator is chosen instead of fibers .

Fibers provide both hadronic calorimeter and EM
backup for same R & D $$

L. Sulsl
LM Clacwndk Pchhy



3) Completion of fiber R & D cheaper (FY92 cash flow),
faster (now 4 ycars into design & test beam: program)

Mature fiber R & D program requires <= 3% R&D vs (%
e . vV 0P Sau gy
Liquid scintillator R & D program just starting.
Insufficient time to fully test design before '
technical design report in November 1992

4) Current liquid scintillator effort below critical mass

[ 5) Preliminary costing_ shown first on Wednesday, 9/4
3Lh "

o4m &b 0RWL Difference between fibers/liquid ($22M) within errors
"Hﬂ “* Dapn, Draper Spaghetti estimate lower ($326M less than ORNL)

Liquid system costs not yet reviewed by GEM
: No calibration system costed, etc. ¢ R,lgm, t fromn
Y Qt(sr:hu. /2532 byt for 44 ™
RIVAR LT P doelt. thecked by Paton r‘mﬁh
6) Spaghenti behind BaF2/1.Xe yet 10 be optimized

Must be descoped because BaF2/LXe now in front
No longer 2 integrated systems in plan

Fewer interaction lengths, hadve c;l ooqr.lmral

Dt%opl Drayv CM‘(‘

—._Qrﬂ- - Courser segmentation,
(S 3w SBIR ﬂﬁ‘whlncrcased fiber diameter
22w $n

) Dyead ina o $1s, TO AVOID UNPLEASANT SURPRISES CHOOSE THE
a“('.;_. ‘ﬂ’g b STEM WITH DEMONSTRATED PERFORMANCE.
CHARACTERISTICS
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GEM DETECTOR

SCINTILLATING FIBER HADRON CALORIMETER
COST ANALYSIS A |

e

 EDIA

BASE COST

 CONTINGENCY,

| SUBTOTAL ' .59
R&D ns

LTOTAL $77,206

“Cantingency: g:::uu Oﬂfwm_lh/bi&m
a8 phed Compromae RO

$ 3



SK/UN Unilts
TTORHN —
(13 2126 55 Mion S11.858
17 G.60E+06 | 0.00145 | Metenrs $9.570
BY 3308 (X ) Eack $992
¥ g Guides 1332 | e Easch $138
¥ 3308 0.18 Each $595
17 120 200 Each 240
g 331 _|_ e% Each 3978
2 ; 1232 €35 | Channcis $3308
3K 350000 | aece Lbs $1.500
R Cont $980
el & Ass. EREE _
5.10|FabAss & Test p & 0548 M-H/tower $13,440
6.00¢Testin $2,500
6.10{Test Beam
.20 Test Equip
7.00{Transport. $500
8.00|Installation _
| 8.!0|lnstall. Labor 33350 $1,500
8.20{Install. Equip $1,500
Direct cost $58,073
EDIA 5% $14.518
Base Cost _ $72,59§____
Contingency % $21,717
Subtotal $94,36%
R&D 11% 31
Total A $104,750

MARK RENNICH/OAK RIDGE NATIOMAL LABORATORY/ 821/91

]
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on,'tc Wi f)\ ORWL,
‘A"&ON'CALORIMETER

mlrmvlsxs
(Revision by BU & CSDL 22 August 1991)

. Raywm
8””

? Category Tot Un §X Unit |
* i
*. 12 35 Mom 1
; Miowr 408 + 06 LM Mowns $11,1%
Ty 13232 088 Rech $3,308
: 3308 ) ne g |
Guides mm  low Bach
Plates
Bectronles 132532 0.25
Soructure
Thermal Cont
Fab & Ass. "
M | Fab. Ass. & Test ! 0.043 M-H/wower
33 |Too . ]
600 | Tosting -
6.10 | Test Jogmn i
620 2
7.00 '
.00
8.0 |lemd g100 |
320 |leshalk
DIRECT COST ’ $537%
| EDIA 2% 1Y)
COST 967252
CONTINGENCY® 10%, 238
SUBTOTAL —
RAD 1%
TOTAL r ) 9

* Contingency  10% on lead & fber 0N
25% on other hama

et
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PAY T0s CRARLEA ATARK DRAPER LABORATORIXS
- FRANCOIS ATER

CECE EURLAUT, BICROB CORPORATION
3 SEPTEVBER 1991

SEAIBRCT. ]uaclranr PROPOSAL POR SCIKTILLATING FIBERS FOR THE
| GRM"™ OOLLABORATIOCN.

This, satimste 1is for budgetery !13’0000. It represents the vork
ofi p ptozlo ot Bisrea issludisg mynelf, rhe tve senior
Ay € ve deen tnot,aol t¢ our f4ber progrem for the
es yeaTa] ouy Eagineeriag Kanager and our sccounting

¢ conslder this te be 9 oerious aptiumate vith }
: . T8LY . :
We propese to provide the follewviag geoda and arrvices: ’I-qS/bl"’ l.'l?/ ]

‘Total Pricet
i 10} Kevhe

The preforas woeuld ceasist of 3600 individusl fiders iaserted
1ate & aet of precisien drilled metal plates, The hole pattern
vosld be & €0 3 09 petriz. The set of piataa vanld he close
stacked together resembliag a single unit without spaces hetween
the lsyers. The fidara vewlé lo.!ﬂﬂliﬂ_ﬁ.n_lo various leagths
depending ea their pesitien 1o the sssenbly. The contral fiders
vould do the mamisna leagth, and the fihera would be sherser o
their pesities 1o sleser teo the edge of the array. The fimal
4ssenbly would resendle ¢ trancated pyresid, Oae
fiber vould de modifted te a slightly lazger ¢ oF tee prevent
its felling through its hole vhea the sssembdly 10 held ao the
fibers hn-s vertically vith the 1.:,0: onéd of the erray ot the
top. The longest fider &n each prefors vesld de shest 230 cm

l.ﬁh_.gggn;u_!g¥1!_ggtgg§!1;31 ix an 1ndividual wood crase vith
the preciaion piste steck still in its condenced configuratiex.
Delivery vould take about vith the first asseablies
being shtpped sdout t of order.

pr

$7,600,000

40

ojest s WNIC safer tas
dugkion systes fer menufactering

ain elements of this imvestigation incleded the felloviags
Total factory layest

Lerge velune aonemer purification asad sterape _
rolyuo{::utzzg.:z:::: design to echieve ) end
lu:':,u{ fiber feabriceties 'ph 9,., Miw hew 4‘. 50'“‘{*
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;!!: Structural/Support Rings

Cableway and BaF2 Support

4100 mm
I Barlum Fluoride
Tracker
5.7°
B - _ ' _ ¥
t———————1 500 mm-—>»-
- 2300 mm———»
ot 5550 mm — )

Spaghetti Hadron Calorimeter

s . .
1.5.03.5C.00037 Barium Fluoride EM Calorimeter Rennich



— Support Tube

Photomultipliers

5000 mm
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att—— 2250 mm

Liquid ScintillatorHadron Calorimeter

Barium Fluoride EM Calorimeter



COMPARISON OF HADRON CALORIMETER ESTIMATES

Liquid Scintillator (Spaghetti
Catagory Conservative| Optimistic [Conservative
1.00|Material/Modules $9,639 $7,914 $16,660
2.00|Sense Material $468 $260 $6.600
3.00|Readont $15,625 $15,625 $11,247
4.00Structure $400 $400 $1,600
5.00|Ass, Fab and Test $16,262 $11,978 $16,695
6.00] Thermal Cont $980 $980 $980
7.00{Oper. Testing $2,500 $2,500 $2,500
8.00[Installation $2,800 $2,350 $3,000
9.00/Shipping $500 $500 $500
DIRECT COST $49,173 $42,506 $59,782
EDIA 25% 25% 25%
BASE COST $61,466 $53,133 $74,728
CONTINGENCY 25% 25% 25%
SUBTOTAL $76,833 $66,416 $93.,410
R&D 11% 11% 11%
TOTAL $85,285 $73,722 $103,685

Mark Rennich/Oak Ridge National Laboratory/9-5-91



COMPARISON OF 0.08 HADRON CALORIMETER ESTIMA

Lig Scint |Spaghetti
Catagory Conservative| Conservative
1.00|Material’Modules $9.809 $16,615
2.00{Sense Material $468 $6.,600
3.00|Readout $8,016 ~$3,400
4.00]Structure $400 $1,600
5.00|Ass, Fab and Test $11,402 $16.,500
6.00| Thermal Cont $980 $980
7.00| Oper. Testing $2,500 $2,500
8.00/Installation $2,800 $3,000
9.00|Shipping $500 $500
DIRECT COST $36,875 $51,695
EDIA 25% 25%
BASE COST $46,094 $64,619
CONTINGENCY 30% 25%
SUBTOTAL $59,922 $80,773
R&D 11% 11%
TOTAL $66,513 $89,659

Mark Rennich/Oak Ridge National Laboratory/9-5-91




Catagory Tot Uts $K/UNIT Units Costs
1.00{Towers
1.10{Lead 2126 558 Mton $11,855
1.20|Fiber 6.60E+06 0.00100 Meters $6,600
1.40|Sheaths 3308 0.60 Each $1,985
1.50{Light Guides 13232 0.10 Each $1,323
1.60|Spacers 3308 0.18 Each $595
1.70(Top Plate 3308 0.20 Each $662
1.80]Calib. Loops 120 2.00 Each $240
2.00|Readout
2.10{PMT's 13232 0.60 Each $7.939
2.20|Electronics 13232 0.25 Channels $3,308
3.00|Structure 200000 0.008 Lbs $1,600
4.00|Thermal Cont $980
5.00|Fab & Ass.
5.10/Fab,Ass & Test 23 0.045 M.-H/tower $13,695
5.20[Tooling $3,000
6.00| Testing $2,500
6.10{Test Beam
6.20| Test Equip
7.00[Transport. $500
8.00|Installation
8.10{Install. Labor 33,333 0,045 Man-Hour $1,500
8.20|Install. Equip $1,500
Direct cost $59,782
EDIA 25% $14,945
Base Cost $74,727
Contingency 25% $18,682
Subtotal $93,409
R&D 11% $10,275
Total $103,684

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/ 9-5-91




Catagory Tot Uts $K/UNIT Units Costs
1.00| Towers
1.10|Lead 2126 5.58 Mton $11,855
1.20({Fiber 6.60E+06 0.00100 Meters $6.600
1.40|Sheaths 4000 0.60 Each $2,400
1.50{Light Guides 4000 0.15 Each $600
1.60|Spacers 4000 0.18 Each $720
1.70{Top Plate 4000 0.20 Each $800
1.80|Calib. Loops 120 2.00 Each $240
2.00|Readout '
2.10{PMT's 4000 0.60 Each $2,400
2.201{Electronics 4000 0.25 Channels $1,000
3.00|Structure 200000 0.008 Lbs $1,600
4.00|Thermal Cont $980
5.00|Fab & Ass.
5.10{Fab,Ass & Test 75 0.045 M-H/tower $13,500
5.20|Tooling $3,000
6.00| Testing $2,500
6.10{Test Beam
6.20{Test Equip
7.00| Transport. $500
8.00|Installation
8.10|Install. Labor 17,000 0.045 Man-Hour $765
8.20|Install. Equip $2,235
Direct cost $51,695
EDIA 25% $12,924
Base Cost $64,618
Contingency 25% $16,155
Subtotal $80,773
R&D 1i% $3,885
Total $89,658

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/ 9-5-91




Catagory Tot Uts $K/UNIT Units Total Cost
1.00|Modules
1.10|Lead 1923 2.20 Mtons 4,231
1.20]|Fiber 2.08E+06 0.00035 Meters 728
1.30|Shrouds 256 15.00 Each 3,840
1.40|Trays 100000 0.002 each 200
1.50|Liquid System 256 2,50 each 640
2.00|Sense Material 26000 0.018 Liters 468
3.00|Readout
3.10|Electronics 50000 0.250 Channels 12,500
3.20/PMT"t 3128 1.000 each 3,125
4.00|Structure 400
5.00] Assembly
5.10|Ass & Test 3.00E+D5 0.045 MH 13,500
5.20{Tooling 1,800
5.30|Lead Processing 1923 0.50 962
6.00| Thermal Cont 980
Imrhw@g 2,500
1
8.00|Installation
8.10]Install. Manp 20000 0.045 MH 900
8.20|Inst. Tooling 1,900
9.00{Shipping 500
DIRECT COST 49,173
EDIA 25% 12,293
BASE COST 61,466
CONTINGENCY 25% 15,367
SUBTOTAL 76,833
R&D 11% 8,452
TOTAL 85,285

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/ 9-5-91
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Catagory Tot Uts $K/UNIT Units Total Cost
1.00|Modules
1.10|Lead 1923 2.20 Mtons 4,231
1.20|Fiber 2.08E+06 0.00035 Meters 728
1.30/Shrouds 256 8.00 Each 2,048
1.40{Trays 133530 0.002 each 267
1.50|Liquid System 256 250 each 640
2.00|Sense Material 26000 0.010 Liters 260
3.00|Readout
3.10| Electronics 50000 0.250 Channels 12,500
3.20|PMT't 3125 1.000 each 3,125
4.00|Structure 400
5.00{Assembly
5.10{Ass & Test 800 0.045 MH/Tower 9,216
5.20| Tooling 1,800
5.30|Lead Processing 1923 0.50 962
|
6.00| Thermal Cont 980
1
7.00| Testing 2,500
8.00|Installation
8.10/Install. Manp 10000 0.045 MH 450
8.20|Inst. Tooling 1,900
9.00]Shipping 500
DIRECT COST 42,506
EDIA 25% 10,627
BASE COST 53,133
CONTINGENCY 25% 13,283
SUBTOTAL 66,416
R&D 11% 7,306
TOTAL 73,722

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/ 9-5-91




Liquid Scintillator Hadron Calorimeter 0.08-Cost Analvsi

Catagory Tot Uts $SK/UNIT Units Total Cost
1.00{Modules
1.10|Lead 1923 2.96 Mtons 5,692
1.20|Fiber L40E+06 0.00035 Meters 491
1.30|Shrouds 192 15.00 Each 2,880
1.40{Trays 133000 0.002 each 266
1.50|Liquid System 192 2.50 each 480
2.00}Sense Material 26000 0.018 Liters 468
3.00|Readout '
3.10{Electronics 25280 0.250 Channels 6,320
3.20|PMT's 1696 1000 each 1,696
4.00|Structure 400
5.00| Assembly
5.10|Ass & Test 1,000 0.045 MH/tower 8,640
5.20;Tooling 1800
5.30|Lead Processing _ 1923 0.50 962
1
6.00|Thermal Cont 980
]
‘7.00]Tosting 2,500
38.00|Installation
8.10|Install. Manp 20000 0.045 MH 900
8.20Inst. Tooling 1,900
9.00|Shipping 500
DIRECT COST 36,875
EDIA 25% 9,219
BASE COST 46,094
CONTINGENCY 30%: 13,828
SUBTOTAL 59,922
R&D 11% 6,591
TOTAL 66,513

MARK RENNICH/OAK RIDGE NATIONAL LABORATORY/9-5-91




Weight Total Cost Cost/Ton Cost/Pound
L*- Liq Scintill** 2099 $89,112 $42K $19
E/T-Spghetti 2378 $103,000 $43K $20
E/T-Lig Argon 3075 $156,750 $51K $23
SDC-Liq Argon 4700 $159,000 $34K $15
SDC-Pla. Tile 5300 $198,300 $37K $17
GEM -Spaghetti** 2322 $103,684 $45K $20
Alternative
0.08 Conservative 2322 $89,658 $39K $18
0.08 Alternative
GEM-Liquid Arg 3000 $155,000 $52K $23
GEM-Liq Scint.** 2099 $85,285 $41K $18
Optimistic 2099 $73,722 $35K $i6
0.08 Conservative 2099 $66,513 $32K $14
CDF-Pb/Scint. $14
[ZEUS-Ur/Scint. $29
Costs include Electronics
Costs include Therio Adjustment

GEM estimates are preliminary

**Does not include EM calorimeter

Items included in CDF and ZEUS calorimeters are unknown

Mark Rennich/Oak Ridge National Laboratory/9-5-91
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INDEPENDENT COST ESTIMATE OF
THE SPAGHETTI HADRON CALORIMETER

by

C.S. Draper Laboratory Inc.
Cambridge, MA

5 September 1991
F. Ayer
C. Elder C N
D. Sullivan [LS)

E. Womble



CSDL AP

* Non-profit Research & Development Corporation
* 50 years of design, development and prototype fabrication experience
* 50 years experience transferring technology to industrial contractors

* Industrial engineering consultant to high volume industries:
automotive, electronics

* Developer of industrial automation techniques and equipment for high
volume applications: automation, apparel




DRAPER EXPERIENCE WITH TEXAS
'ET AND GEM COLLABORATIONS

LLABORATIONS |

* May - Aug '90 Scintillator Calorimeter Support

Structural Design and Evaluation

* Sep -Dec'90 Tower Manufacturing and Costing for

Scintillating fiber Calorimeters

* Feb - May '91

Supertower Prototype Development and Casting

* Aug'9l GEM Fiber Calorimeter Cost and Structural Analysis



* Fewer/larger towers
* Trade high labor costs for materials

* Build precision into tools

* Use of foundry type procedures/costs/efficiencies not skilled labor

* Apply automation where practical




COST ANALYSIS APPROACH

» Cost analysis format is derived from ORNL spread sheet

« Our unit costs are based on discussions with ORNL, BU, collaboration
physicists (Hans Paar) and vendors for fibers, lead, steel, and fabrication.

+ We present 3 cost analyses:

A. Nominal design with new fiber cost and new contingency rationale
B. Same as "A" but used 50% lead shot and a slightly smaller calorimeter

C. Same as "B" with reduced physics segmentation

©



Spaghetti Hadron Calorimeter
Barium Fluoride EM Calorimeter



GEM Calorimeter Structures

~ The structural weight is estimated by extrapolation from our Texas calorimeter design, analysis,
and evaluation (Aug. 90).

Texas Calorimeter GEM Calorimeter
Ellipsoidal 20m long dia "Ellipsoidal” 11m long dia
10m short dia 8m short dia
Towers Volume 753 m°® Volume 273 m3
Structures Tons Tons
Shell Piate(2cm) 80 Plate (1.5cm) 30
Rings Circumfer. 64 Rings 25
and Longitudinal *Support to 30
Supporting Frames 174 membrane
318 Tons 85 Tons = 187,000 lbs

* The present design assumes a central membrane to support the calorimeter
structure in the middie. Special structural members are required for a stable
attachment. Our estimate is 30 tons.

rown
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MATERIAL QUOTES

« Fibers 3mm scintillating type RH-1

Bicron Corp.
Quoted 7,600,000 for 6000km of fiber

includes: fiber, trimming, heading, inserting into spacer plates, boxing, shipping,
and wastage

Contingency: Bicron suggests no more than 10%
Note that this represents $1.27/m with labor previously counted in tower construction
See attached Bicron letter for details.

« Stainless Steel
Ryerson, Allston Ma, new line
Quoted $2/Ib. for 304 type ST. steel

Used $5/Ib for structural system and sheaths to account for fabrication processes.
Contingency should be no more than 10%.

» Lead Shot

Tarcorp Industries, Granite, lllinois

Quoted $0.45/1b for dust shot of 0.6mm dia. average.
Produces 30m Ibs/year of lead shot

Contingency should be no more than 10%

©



GEM DETECTOR

SCINTILLATING FIBER HADRON CALORIMETER

COST ANALYSIS A
Category Tot Uts $K Unit Units Costs SK

1.00 {Towers

1.1 {Lead 2126 5.58 Mton $11,855

1.20 | Fiber A00E + 06 00127 Meters $7.,600

1.30 |PMT's 13232 0.30 Each $3,970

1.40 |} Sheaths + Cover Plate 3308 40 Each $1,323

1.50 | Light Guides 13232 0.10 Each $1,323

5.00 Fab & Ass.

5.10 | Fab. Ass. & Test 15.8 0.045 M-H/tower $9,380
6.00 |} Testing
6.10 | Test Beam $1,000

$500

8.00 Installation

8.10 |Install. Labor 17,000 | $45/MH Man-Hour $765
8.20 | Install. Equip $1000
DIRECT COST $47,121
EDIA 25% $11,780
BASE COST $58,901
CONTINGENCY* 25%, 10% $10,654
SUBTOTAL $69,555
R&D 11% $7,651
TOTAL $77,206
*Contingency: 10% on lead, fiber, and steel

25% on other items



GEM CALORIMETER

SCINTILLATING FIBER HADRON CALORIMETER

COST ANALYSISB
Category Tot Uts $K Unit Units Costs $K

1.00 | Towers
1.10A | Ostalloy 50% 948 5.58 Mton $5,290
1.10B | Lead Shot 50% 1139 99 Mton $1,128
1.20 | Fiber 5.7E + 06 .00127 Meters $7,239
130 | PMTs 13232 0.30 Each $3,970
1.40 | Sheaths + Cover Plate 3308 40 Each $1,323
1.50 ] Light Guides 13232 0.10 Each $1,323

Channels

LBS
5.00 |Fab & Ass.
5.10 | Fab. Ass. & Test 15.8 0.045 M-H/tower $9,380

=5=,'2.0= Tooling $3,000

6.00 | Testing
6.10 | Test Beam $1,000

$500
8.00 | Installation
8.10 | Install. Labor 17,000 $45/MH Man-Hour %765
8.20 | Install. Equip $1000
DIRECT COST $41,188
EDIA 25% $10,297
BASE COST $51,485
CONTINGENCY* 25%, 10% $9,912
SUBTOTAL $61,397
R&D 11% 36,754
TOTAL $68,151

*Contingency: 10% on lead, fiber, and steel
25% on other items



GEM CALORIMETER

SCINTILLATING FIBER HADRON CALORIMETER

COST ANALYSISC
Category Tot Uts $K Unit Units Costs $K

1.00 | Towers

1.10A | Ostalloy 50% 948 5.58 Mion $5,290
1.10B | Lead Shot 50% 1139 99 Mion $1,128

1.20 | Fiber S7E+ 06 00127 Meters $7.239

1.30 | PMT's 3308 0.30 Each $992

1.40 | Sheaths + Cover Plate 3308 40 Each $1,323

1.50 | Light Guides 3308 0.20 Each $662

5.10 | Fab. Ass. & Test 15.8 0.045 M-H/tower $9,380

Trans port

8.00 |Installation

8.10 |[Install. Labor 17,000 $45/MH Man-Hour $765
8.20 | Install. Equip $1000
DIRECT COST $35,068
EDIA 25% $8,767
BASE COST $43,835
CONTINGENCY* 25%, 10% $8,000
SUBTQTAL $51,835
R&D 11% $5,702
TOTAL $57,537

*Contingency: 10% on lead, fiber, and steel
25% on other items



SUMMARY

Calorimeter design, fabrication, assembly, and testing are still preliminary
and evolving.

Cost estimates are based on realistic enquiries (quotes) to specialists and
vendors.

Quantities (lead, fiber) have been checked and structural system is based
on sound previous work.

Contingencies for materials (10%) reflect vendors inputs.

Other costs (labor, tooling, testing etc.) are more difficult to estimate and
a higher (25%) contingency is appropriate.
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FAX TO:  CHARLES STARK DRAPER LABORATORIES

ATTN: FRANCOIS AYER
FROM: -~ CHUCK HURLBUT, BICRON CORPORATION
DATE: 3 SEPTEMBER 1991

SUBJECT: BUDGETARY PROPOSAL FOR SCINTILLATING FIBERS FOR THE
"GEM™ COLLABORATION.

This estimate is for budgetary purposes, It represents the work
of several people st Bicron including myself, rhe two senior
engineers which have been assigned to our fiber program for the
last three years, our Engineering Manager and our accounting
department, We consider this to he a serious estimate with a
high degree of accuracy. -

We propose to provide the following gooda and services:

6,000,000 meters of 3 mm dia. Type RH-1 scintillating fibers cut
and assembled into 3,124 "preform" subassemblies as described
below.

Total Price: 37,600,000

FOB Newbury, Ohio

The preforms would consist of 3600 individual fibers inserted
into a set of precision drilled metal plates, The hole pattern
would he a 60 x 60 matrix. The set of plates wanld he close
stacked together resembling a single unit without spaces hetween
the layers, The fibers would be precision cut to various lengths
depending on their position in the assembly., The central fibers
would be the maximum length, and the fihers would be shorter eas
their position is closer to the edge of the array. The final
asgembly would resemble a truncated pyramid. One end of each
fiber would be modified to a slightly larger diameter too prevent
its falling through itas hole when the assembly is held so the
fibers hang vertically with the larger end of the array at the
top. The longest fiber in each preform would be about 220 cm
Bach preform wonld he packaged 1in an individual wood crate with
the precision plate stack still in its condenced configuration,

Delivery would take about twenty months with the firat asasemblies
being shipped about five months after receipt of order.

CONDIFENCE 1IN MASS PRODUCTION COST EFFICIENCY
Ricron has recently completed an SBIR Phase II development
project in which the major task was the development of a mags
production system for manufacturing large quantities of
scintillating and wavegulde optical fihers for use in the SSC,
Main elements of this investigation included the following:
Total factory layout
Large volume monomer purification and storage
Polymerization system design to achieve high throughput and
quality consistency
High speed fiber fabrication



Major prototype process equipment was constructed and

successfully operated, and some components for the final
operation were procurred.

OQur estimates of the various cost factors in this proposal are
based on our experience from the SBIR work which is now being
continued with Bicron internal funding.

MAJOR COST FLEMENTS IN THE PROPOSAL

A, Rav Materials: Allowances were made for all forseeable
efficiency problems including potential impact of
international tensiong affecting petroleum supplies and
unpredictable difficulties in starting up the full volume
system required for this program.

B, Labor: A £full independent factory opersting around the clock
is envisioned, Personnel conslderations iancluded such factors
special meintenance staff, dedicated management, training
expenses, and impact of efficlencies on total labor required,

C, Factory Overheads: All standard and special factory
overheads for the entire time of dedicated operation were
included., All costs were ac¢cumnlated in & zero~based

caleulation,
D. Special Factory Eguipment Costss A major portion of the

factory construction expenasea are sllocated against this
project, Reasons for this include the fact that the factory
as constructed will be highly specialized with very little
opportunity for cost recovery aside from special SCC projects
like this one. A second reason is that a special aet of
equipment for assembly of the "preforms"” will be constructed
with the particular costs fully gllcocated here.

E. Special Preform Assembly Equipment: The concept for this
equipment is already well developed as the outcome nf a
meeting of four members of the Bicron technical staff, each
peraon having over 20 years in manufacturing process design
from a variety of backgrounds. Each instrument would inspect
the fiber as it is made on the continuaus fiber lines and
reject it if appropriate, Good fiber would be cnt to the
asppropriate lengths, inserted in the appropriate holes, and
altered to have a large “head"”. It would be a computer
controlled system., Three systems would be constructed with
one kept in resarve for bdreakdowns,

ADDITIONAL CONTINGENCIES

Contingencies that SSC planners prefer to add on need not exceed
ten percent since significant contingencies have been factored
into the above prices,
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Superconducting Super Collider
Laboratory

Physics Research Division
2550 Beckieymeade Avenue
Mail Stop 2001
Dallas, TX 75237.3946
(214) 708-9000 « FAX (214) 708-0006

6 September 1991

Professor John Peoples, Director
Fermi National Accelerator Laboratory
P. O. Box 500

Batavia, IL 60510

Dear John:

As spokesman of the GEM collaboration at the Superconducting Super Collider, I wish to request

access to beam areas at Fermilab for the purpose to test prototypes for com

detector. These tests will be an important element in making our final decist

technologies.

ponients of the GEM

on on GEM detector

For the period of the current Fermilab Fixed Target period, the following efforts would greatly

benefit from test beam time.

Barium Fluoride Calorimetry
Contact person: H.Kobrak, U. of California, San Diego.
A proposal (T-849) has been submitted to Fermilab.

Scintillating Fiber Calorimetry
Contact person: C. Bromberg, Michigan State University.
A proposal (T-840) has been submitted to Fermilab.

Limited Streamer tracking tubes.
Contact person: L. Osborne, MIT.
A proposal (T-819) has been accepted by Fermilab.

Preshower detector
Contact person: C. Rosenfeld, U. of South Carolina.
A proposal (T-841P) has been accepted by Fermilab.

(*) Silicon Electromagnetic Calorimeter
Contact person: W. Bugg, U. of Tennessee.
A detailed proposal will be submitted to Fermilab.

(*) Liquid Scintiltator Calorimeter

Contact person: F. Plasil, Oak Ridge National Laboratory. A detailed proposal will be

submitted to Fermilab.

Requests marked (*) are conditional to final decisions to be taken by the GEM collaboration by

19 September 1991.



6 September 1991
Page 2

For the 1994 fixed target period, I anticipate that the GEM coliaboration will want to request
further test beam time. Details of these requests are currently under discussion in the collaboration.

We expect submit a set of proposals by Spring of 1992.

For my GEM colleagues and myself. I wish to express our appreciation for your help and that of
Fermilab.

Sincerely

By

Bary Barish Spokesman,
GEM collaboration



Question (6) What provision has been made for the rejection of pi-zero gam-
mas from unfavorable jet fragmentations? (The rate of such fragmentation has
large uncertainties, and these may dominate the Higgs —> gamma gamma back-
ground.) If very fine lateral segmentation is proposed, this must be included in

the baseline cost.
The following devices are being considered for the rejection of »° 7’s:

1. Drift diodes: Rehak/BNL,

2. Milli-Strip detector:

e scale from UV-diodes: 14k strip detector at 1008 each,
¢ scale from micro-strips: 13k8/5k ch = 3%/ch

e 30 ch each with 5 bit ADC =38 *30 * 2 = 189

e 280 x 14k = 5 MS.

3. Scin. Fibre: J. Brau
4. TPC Wire chamber: E. Aprile, T. Doke, T. Ypsilantis

The cost is basically included in the baseline, which over-estimates by 4M$ (40%
contingency) or 9 M$ (25% contingency).

H2



Noble Liquid Calorimeters
LAr/LXe/Kr Calorimeters

Raiation hard

Depth measurement

4 vertex and direction measurement
Calibration

Active preasion pre-radiator

Ultra-high resolution:

— 6E/E = 0.8% at 40 GeV
- §E/E = 0.6% at 100 GeV
—~ Same as BGO test beam

Scintilation fast veto pile up

Upgradable to LXe precision calorimeter
with §E/E = 0.25%

Compatiable with high B-field. enditemize
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Run # 311104 Event # 4744 Total Energy: 97.68 GeV

RN hNR—3341304 —48/6/04+—
EVENT T NR—~ 4{84%— , TE 03T

Transverse Imbalance : 0.03 GeV Longitudinal imbalance : 0.01 GeV

Thrust: 0.6932 Major: 0.5962 Minor: 0.3037

Printed Date : Sunday, June 23, 1991 17:34: 2




Run# 318101 Event# 4813 Total Energy : 88.32 GeV

e

]

Transverse imbalance :

94.05 GeV Longitudinal imbalance :

0.01 GeV

Thrust: -.0965

Major: 0.9182

Minor :

0.2396

Saturday, July 27, 1991 15:17:28

Printed Date :
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NR | 311
EVENT NR 4744

vV

Tra balance : / 97.77 GeV Longlhndlna\mbalaneo : 2.62 GeV
Thrust: -.0323 Major: 0.5993 Minor: (0.5846
Printed Date : Friday, June 28, 1991 17:23:18




RN

PHYSICS of ELECTRONS
and PHOTONS
At The TeV SCALE

ISOLATE NEW PHYSICS
SIGNALS

from “Standard” Physics
Backgrounds

e Cleanly Separate Leptons and
Photons from Jets and Single Hadrons.

e Reconstruct Multilepton, Multiphoton,
and Lepton-Photon Invariant Masses
Precisely



BARIUM FLUORIDE
CALORIMETER
CALIBRATION

¢ Minimum Ionizing Particles
(MIPs) from pp Collisions
— Pass Through Crystals Longitudinally
— Calibrate to 0.4% in 12 Hours

e Verify With Inclusive
ete” From Z°, Y, J
— Reconstruct Mass:
Use RFQ + MIP Results

—~200 et ore” from Y,
20 from Z° Per Crystal Per Week
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Position Dependence for 90ab and 91a Data
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Number of Entries/0.025

Electron Energy Measured in 1.3 BGO Calorimeter

0.4941
66.36 £ 3.059
1.002 0.2805E-83
0.1126E-01 + 0.4768E-03

b I Ra®
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— Studies of the BaF, Radiation Damage Mechanism
at SIC

¢ Light Collection Uniformity

— EGS Study of Light Uniformity Requirements in Cou-
pled Crystals

¢ Test Beams
— Beam Requirements |
— Test Beam Status at Fermilab
¢ BalF'; Calorimeter Performance

— Position Resolution
— Energy Resolution

¢ R&D Budget

o Attachment: Progress Report on BaF,; R&D
at BNL



APPENDICES

¢ Mass Production of BaF; Crystals in China

— UV Transmittance of the Crystals

— Memorandum of Understanding Between Caltech, SIC
and BGRI for BaF; Crystal Mass Production in China

~ Production Capacity and Investments in China
¢ Structural Design of the BaF,; Calorimeter,
and the Final Prototype |
— Design Concept
— Carbon Fiber Structure
— Structure for the Final Prototype
— Materials Study for the Structure

— Other Design Aspects: Electronics Placement, Cable
Routing and Thermal Control

e BaF,; Radiation Resistance
— Measurements of BaF, Radiation Damage Phenom-
ena in the BaFs Collaboration

~ Studies of Doped Crystals, and Correlation of Radi-
ation Damage With Impurities

— Studies of Radiation Damage Effects on Transmission
and Light Output at BNL |
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— Studies of the BaF, Radiation Damage Mechanism
at SIC

¢ Light Collection Uniformity
— EGS Study of Light Uniformity Requirements in Cou-
pled Crystals e
¢ Test Beams
— Beam Requirements
— Test Beam Status at Fermilab
e BaF; Calorimeter Performance
— Position Resolution
— Energy Resolution
¢ R&D Budget

o Attachment: Progress Report on BaF; R&D
at BNL
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APPENDICES

e ¢ Mass Production of BaF; Crystals in China

~ UV Transmittance of the Crystals

~ Memorandum of Understanding Between Caltech, SIC
and BGRI for BaF'; Crystal Mass Production in China

~ Production Capacity and Investments in China

¢ o Structural Design of the BaF; Calorimeter,
and the Final Prototype |

— Design Concept

— Carbon Fiber Structure

— Structure for the Final Prototype
— Materials Study for the Strecture

— Other Design Aspects: Electronics Placement, Cable
Routing and Thermal Coatrol™

¢ ¢ BaF, Radiation Resistance
— Measurements of BaFs Radiation Damage Phenom-
ena in the BaF, Collaboration

~ Studies of Doped Crystals, and Correlation of Radi-
ation Damage With Impurities

— Studies of Radiation Damage Effects on Transmission
and Light Output at BNL
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Fi 4. 1. Schematic rgpresenfa'fion .
of the crystal ﬂrawt'ﬁ. System .



Ba¥F; CRYSTAL PRODUCTION
At SHANGHAI and BEIJING

e PRODUCTION: 1991 - 1992
— 6/91: FIVE FURNACES;
50 PIECES PER MONTH .
—12/91: FURNACES;
130 120'PIECES PER MONTH
e MASS PRODUCTION PLAN
— 800 PIECES Per MONTH:
1993 - 1997
— PRICE $ 2.5/cm?
By End 1992
e MANPOWER

— R&D PHASE (1990-1992):
28 (SIC) + 21 (BGRI);
18 FTE’s by 6/91

— MASS PRODUCTION PHASE:
Total 80 - 100 FTE’s



BGRI and SIC will invest US$750,000 separatly in creasing
the production capacity of BaF, scintillation crystals up ®
'2%2.5 tons per year (2x0.5M3/year) and the amount of BaF,
crystals will be 2x2 wans during 1992. -

1993-1997:
After vrecelving the erder of L* project,BGRI and SIC
will invest US$3,000,000 resgectively in setting up the factxy
 of BaF, scintillation crystal with production capacity of 2x5 e
tons per year so as @ imcrease the output up to 2x7.5 tnnslyelr.‘_

Yen Ou

O o0

S §,1991



THE RESEARCH AND DEVELOPMENT OF
BaF, SCINTILLATION CRYSTAL IN
BEIJING GLASS RESEARCH INSTITUTE

DIRECTOR; WEN OU

BEIJING GLASS REASERCH INSTITUTE



C. BGRI agrees to carry out a production demonstration of a crystal-pair of full
size, consisting of two crystal pieces approximately 35¢m and 15¢m long. The
crystals will have the trapezoidal shape characteristic of the final calorime-
ter. The crystal pair will also be required to meet the usual transmission

requirements before irradiation of production quality crystals.

At a later stage, following the successful demonstration of 35cm finished
crystals, SIC and BGRI will try to meet the radiation damage specifications

given above. -



B. Studies of radiation damage in BaF; crystals indicate that the damage may
be associated with am absorption peak at 288nm. This peak is suspected to
be caused by Cerium or O3 in the crystals. SIC and BGRI will pursue a
systematic series of studies to eliminate this absorption peak. |

SIC and BGR.I will therefore determine the source of Cerium as a trace
element, and eliminate it from further crystal batches.

SIC and BGRI also will continue to pursue tests that will determine the effect
of Oxygen(O3) dissolved in the crystals. SIC, BGRI, Caltech, engineers from
ORNL, and engineer M. LeBeau will work together to improve the growing
conditions, so as to remove O3 down to a level where it does not lead to
significant absorption in the UV following irradiation. In order to achieve
this, the vacuum systems of the ovens may be improved. A production oven
with improved pumping, to achieve a vacuum in the 10—® to 10~ Torr range,

will be set up with the assistance of Caltech and the engineers.

SIC and BGRI will investigate the use, and necessity of the use, of very pure
raw materials in the crystal growth. This step is recognized to be useful only
once eflective methods of analysis down to a trace element level of < 10-7
(molar fraction) have been established.



2. CRYSTAL QUALITY CONTROL

A. SIC and BGI agree to apply their best efforts to produce a radiation hard
crystal-pair of size (2 x 2) x (4 x 4) X 50cm? long (two 25cm long pieces). The
radiation hardness specification is that the crystals shall show a change in
transmission of 25% or less, following a dose of several megarads of gamma-
rays (Co®), or a dose of 103 neutrons/em?®. The damage effect is ex-
pecled to be saturated, such that further doses up to 107 Rads(Co®°) or

10Mneutrons/cm?, do not lead to substantial further damage.

The target date for production of the first radiation hard crystal pairis 12/91
or carlier. The target for production of a radiation-hard full size subarray,

conposed of 5 x § crystal cells, or more is 6/92 or earlier.



1. PROJECT GOALS

Following discussiens 3t the Barium Fluoride Precision EM Calorimeter
Meeting in Shaaghai, the undersigned parties agree to apply their best efforts
towards successful developmnent of the calorimeter, and to carry out the steps
listed below.

The immediate goal is 4o complete the construction of a first round prototype
during the summer of 1991, demonstrating the requisite energy resolution.

The principal short term goal is to develop a production-quality prototype,
composed of radiation hand erystals of final size, integrated with an optimized
carbon fiber mechanical structure and high rate electronics readout, by the
Summer of 1992,

The long term goal is te develop and construct 3 complete calorimeter com-
posed of 18,000 crystal-cells, wsing production methods that will allow the
undersigned to set the price at $2.5/cc. The production of the full calorime-

—ier at this price is forseen sta.r:i:g-i:m%, at a full production rate of 800
crystal pieces per month.



MEMORANDUM OF UNDERSTANDING

BETWEEN

THE SHANGHAI INSTITUTE OF CERAMICS (SIC)
THE BELJING GLASS RESEARCH INSTITUTE (BGRI)
THE CALIFORNIA INSTITUTE OF TECHNOLOGY
(CALTECH)

FOR THE DEVELOPMENT OF A HIGH PRECISION
BARIUM FLOURIDE ELECTROMAGNETIC
CALORIMETER

May 29, 1091



Ban PRECISION EIBCTROMAGNETIC CALORIMETER WORKSHOP

SHANGHAI and BEIJING, CHINA

MAY 27-JUNE 1, 1991

Content Speaker

1, Welcome address . _ D. S. Yan
2, Motivation of the workshop H. Newman
3, Physics requirements on precision of electromagnetic

calorimeter at the SSC ' R. Zhu
4, Status of BaF, R & D at U. S. H._Ne'wm
5, Progress in production lnd quality control of Ba.F2

crystals in SIC and BGRI J. K. Guo
6, Scme aspects on the growth of large size BaF, crystals J. Zhang
7, Ma and other scintillating crystal at BNL Gy Woody
8, Front-end electronics for BsF, M. Bauer
9, Mechanical design of LYEC M. Rennich
10, Ba.Pz BMC prototype J. lloore-
11, L3 BGD experence . | M. lebeau
12, On the radiation damage of Barium Fluoride Crystals 2. W. Yin

13,
14,

The optical and radiation damage properties of Ba.F‘:2 L.M. Wang
Studies on trace elements in Ba.[-‘zcrystal by using

ICP and RAA _ P. Xong

Spectral properties of Ce-doped Barium Fluoride

crystal Y. Dong

Studies on decay time of fluorescence from a series

of Ce-doped Bal?zcrntals ‘ | Z. Z. u

Radiation damage and recovery of doped crystals

(no full text) J. T. He

Positron annihilation in Ce-doped BaF,crystal- J. Chang

Temperature dependence of luminescence from

BaF2:Ce3+ crystals Y. W. Tang
. Radiation hardness studies of Teflon materinle v N Thae



BARIUM FLUORIDE PRECISION
EM CALORIMETER MEETING
Shanghai Institute of Ceramics

Beijing Glass Research Institute
Beijing IHEP
May 27, 1991 - June 1, 1991

e A High Résolution Detector To Do Unique
Physics at Future Hadron Colliders

® BaF2 CRYSTALS:
- Transmission, Uniformity, Rad Hardness;
- Mechanics, Size, Production, Price

e Status of BaF,Prototype Matrix R&D
- Crystal Test Results
- UV-selective Photoscnsitive Devices
- Electronic Readout
- Optical Coupling
- Mechanics for Crystal Production
- Mechanical Tests; Structure Design

e BaF, and Other Crystals at BNL

o TV nrcAne fram tha 1 2 RGO Nntartar



BaF, PRICE

NOW AT $ 3.5/CC
FOR 81 FULL-SIZE
CRYSTAL PAIRS

AGREEMENT:

MASS PRODUCTION
AT $ 2.5/CC



BaF, CRYSTAL PRODUCTION
R&D Program At
Shanghai and Beijing

e Analysis of Impurities in
Raw Materials and Crystals

e Pre-Treatment of Raw Materials
for High Purity
—» o Optimize Crystal Growth
Technology

e Study Effect of Impurities on
Transmittance, Radiation Hardness

- o Study Mechanical Processing
of Large Crystals

e Study Crystal Doping For High
Luminosity Running at SSC



.Table 1: Crystals characteristics

F—_Crystal l DensltF’ﬁadlailoﬁL Mollere Ilm[“
length_cm radius cm :
BGO 7.13 1.11 2.33 300 | 480
BaF2 4,89 2.06 3.39 0.8 210
? 620 310

[CeF3 6.16 1.68 2.63 5 300

- 20 340
YAP:Ce 5.35 2.83 2.82 35 390
GS0:0.5%Ce | 6.71 1.39 : 55 435
GS0:2.5%Ce | 6.71 1.39 450
ThF4 6.32 1.18 315,330,450
BaLiF3 5.24 2.13. 435
LiYbF4 6.09 1.56 . - 450
PbF2 - 7.66 94 2.24 .

ﬁku}



Beijing Glass Research Institute (BGRI)

long history for synthetic crystal
growth technology

especially on fluorides
such as

BaF, crystal

for infrared field application
at early stage

for scintillating application
6 years ago |

1986 ¢ 60 mm BaF, have been grown
scale up

1987 300 mm length



RN
BaF, CRYSTAL PRODUCTION

Shanghai and Beijing
Collaboration

e Shanghai Institute of Ceramics (SIC)

— 50 Kinds of Synthetic Crystals:
Electro-Optical, Acousto-Optical,
Piezoelectric, and Scintillators

— 200 Faculty, 500 Research Staff
300 Skilled Support Personnel

— 11,000 Crystals for L3:
Peak Production 400 Per Month

— Large Vacuum Furnace Facility
For BaF,; Developed Since 1989.

¢ Beijing Glass Research Institute (BGRI)

— 6 Years Growing Large BaFy Crystals;
Large Vacuum Furnace Facility.
— Large Diameter BaF, Crystals

Boules Up To 45 cm Long
Finished Crystals to 35 cm Long.
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Fig. 15. Compact layout of storage ring designed for the SSC calorimeter calibration system



Fig. 12. H" ion current from RFQ linac at entrance to neutralizer
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Fig. 4. Antenna and "starter” filament in the LBL rf-driven H™ ion source
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BARIUM FLUORIDE
CALORIMETER
CALIBRATION

e Minimum Ionizing Particles¥

(MIPs) from pp Collisions
— Pass Through Crystals Longitudinally

— Calibrate to 0.4% in 12 Hours
Cosmic RAY “TEST BEXCH ; Beam TESTS
e Verify With Inclusive
ete” From 2%, Y,J

- — Reconstruct Mass:
Use RFQ + MIP Results

29200 et or e~ from T,
20 from Z° Per Crystal Per Week



Table IL. Budgetary Cost for SSC Calorimeter Calibration Syste

Model PL-4 RFQ linac $ 450,(
Model 12TW 350 RF amplifiers (2 req’d.) 600,(
H’ ion injector (per Phase II design) \ 350,(
Control system, integration and documentation 100,(
100 nsec accumulator ring (incl. power supplies) 600,(

Total $2,100,C
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Figure 10: Correlation between the relative r.m.s. and the average energy ia BGO
Crystal 32,



Distribution of Normalized ADC (Run 49)
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RFQ TEST at AccSys (1988)

e 4 BaF; Sample Crystals (8 cm Deep)
e 49 L3 BGO Crystal Array

e 1.9 MeV Beam Energy: Up to
10 GeV Equivalent Per Pulse

e Narrow Clean Gaussian Distributions:
Width 2.0% at 10 GeV

e Calibration Point: Peak Position

Deviation (% of Pea.k Position

RESULT: Rms Deviation of Peak

in BaF, Crystals = 0.29%

(in BGO Crystals = 0.34%)

CRYSTAL [Run 1[Run 2|Run 3|Run 4|Run 5]
i BaF 1 0.32 { 0.00 | 0.19 | 0.06 | -0.57 ‘
BaF2 |-0.31]-0.36 | 0.11 | 0.53 | 0.04
BaF3 |-0.12-0.09( 0.11 | 0.14 | 0.24
BaF 4 0.62_} -0.19 | 0.04 | -0.12 | -0.36



O
BARIUM FLUORIDE

CALORIMETER
CALIBRATION

Precise Frequent Calibration in situ is
Essential to Maintain the High Resolution

RADIOFREQUENCY
QUADRUPOLE
ACCELERATOR (RFQ)

¢ 3.9 MeV Proton Beam

e Radiative Capture
in Fluoride Target

— Bursts Of 6 MeV Radiative
Capture Photons

— Up To 40 GeV Equivalent Per -
Crystal Per Beam Pulse
(300 TeV Per Pulse Over 47)

« TEST RESULT (1988)

— Calibrate All Crystals
to 0.4% in a Few Minutes



CALIBRATION IN SITU
RFQ

Up To 40 GeV Equivalent Per Crystal
Per 1 psec RFQ Beam Pulse

2 -1 0 1 2%

TEST RESULT:
RMS DEVIATION of PEAK= 0.3%

W



BaF, RADIATION
DAMAGE TESTS

At Caltech, UC Irvine,
BNL, JPL

e To 2 x 107 Rads 7’s;
To 2 x 10 n/cm3

e Saturation Effect Observed
= Small Change to 10° Rads
= No Further Change to 107 Rads

e No Permanent Damage:
Complete Recovery at 500°C

e Results Show Radiation Damage
Is from External Impurities

e Electron Diffraction, Doping and Growth
Studies at SIC, BGRI Indicate Ce, O,



BaF, RADIATION
RESISTANCE

Cross Scintillation Mechanism

e Studied in Many Fluoride Crystals

— Fast UV Light
— Weak Temperature Dependence
— Effects of e, v, n, p Irradiation
Similar (Measured in Space Program)

e High Purity Crystals:
Hard to > 107 Rads



R&D RESULTS
BaF2 Radiation Resistance
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BaF, CRYSTAL PRODUCTION
and RADIATION RESISTANCE

e Studies on Critical Impurities
and Radiation Hardness

—at SIC, BGRI, CMU and Caltech
¢ Purify Raw Materials:

— Eliminate Selected Metals (Ce, Pb, Co)
To < 1 ppm

— Specifically Eliminate Pb, O;, OH™
During Pre-Treatment and Growth



mpurity | Crystal | Raw Maleral
N: 0- INES fofé 83 x10°

| 'Mn'O' | 15xi0” 5.2x10”
GO | 36x10” 28410
Cr:0s 34xl0” 14x10”
Fe20s 92xjo° 20x10"
Mo | 19q0® 1Loxjo”
500 | 10x10” i 13x40°

Table.l Imj'mritj tf‘uantities o raw
Mmaterial and Gystal Fespecti vely
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ABSORBANCE

Optovac 1" x 1" diameter

1% LaF, doped BaF, —sample 1
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II. On the Mechanism of Optical Absorption and
Radiation Damage of BaF, Crystals

1. Optical absorption of hydrogen and oxygen in
BaF, crystals =

* Hydrogen and exygen are easy to enter BaF,
crystals as impurities. they form OH*
ions and OH'-X; defect com Lone O*
ions or O ion pairs and O°-F* (F* is fluorine
vacancy X)) dipoles.

* For free OH", its absorption band located in the
infrared region at 3630 cm™ corresponding to
the stretching vibration of OH dipoles™.
For OH'-X; (in BaF, crystal X] is institutial
fluoride atom)(2,3), its absorption band appeared
between 2900-3700 cm™.
Besides, OH" also create far ultra-violet absorption
bands 60 nm®, 62 nm® and 65 nm* in CaF,, SrF,
and BaF, crystals, respectively. However, they are
not correlated to the absorption bands in the 190-
300 nm UV region.

- * So, we assumed that the absorption bands located

| between 190-250 nm are created due te the lone O?
ions or 0%-O? jon pairs; and the absorption band
located near 290 nm is due to the transition of
O2F* or 202-2F* dipoles.
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Fig.11 Infrared spectra of BaF, crystal with different
content of OH?* fons




* Oxygen cemtaining fluorides can be considered as a
mixed erystal of MF, and MO, for example, can consider
oxygen coataiming SrF, crystal as a mixed crystal of
SrF, and SrQ. It was known that the UV absorption
band of SrO is located at 215-217 nm®, and it is

205-209 mm (about 6 e.V) for BaO. They are due to
the transitiom from O,, state to-conduction band of
Ba*? or Sr*? ions.

* When oxygen eontaimng BaF, crystals were lmdlated by
r-ray radiation, O?-F* dipoles decomposed:

(0 08 ’—~0"+F*

which will imcrease the concentration of lone O ions
and O iem paiirs so as to increase the absorption

in the 199-250 mm region. F* vacancies are easy to
capture electreas to form F centers which are :
responsible te the absorption in the visible region.
In the mean timee, the hollow at 290 nm was reduced

or disappeared due to the decomposition of O*-F*
dipoles.




* When the damaged crystal was irradiated by UV,
the electrons trapped in the F centers are easily
escaped from the F*, the crystal was bleached due
to the destroy of F centers. The F* could associate
again with O jon to form O*-F* dipoles so0 as to
decrease the concentration of O ions and O ion
pairs in the crystal. The absorption in the 190-250
nm region also decreased.

- * An experimental result of electron diffraction study
(Fig.15) gave us an idea that probably there is a
certain amount of oxygen (either in atom or molecule
state) dissolved in the BaF, crystals.
Figure shows that just after the electron beam hitting
the crystal, a very pure BaF, pattern was shown, however,
after certain times, BaO rings appeared associated with
the BaF, diffraction pattern. We assume that is the
result of oxygen atoms or molecules tramsforming to
oxygen ions-during the electron beam bombardment.



Fig.12 Electron diffraction patterns of BaF, crystal

(a) Just start bombardment of electron
beam on crystals

(b) After certain time of bombardment of
clectron beam, pattern shows appearance
of BaQ rings



FIRST ROUND TEST:
7x7 ARRAY (8/91 - 11/91)

~ ELECTRON RESOLUTION
To Demonstrate og/E = (1.3/VE + 0.5)%
With Electrons from 10 GeV to > 100 GeV
» Calibrate the gain for each crystal 4 phototube.
+ Scan the beam acroes the central crystal to establish the (position correcied)
uniformity of response.
s Check the stability of a period of weeks.
s Compare to GEANT predictions for resolution, energy sharing distributions,
and position recomstruction accuracy as a function of the impact point.
— PION RESPONSE
From 10 GeV to 2> 180 GeV

+ Using data taken at the same time as for the electrons above.

— ELECTRON-PION SEPARATION
Note: becanse of the lmiled transverse size of the first round crystal array, we
will be able to test our electron selection criteria, but we will not have a complete
test of e/x separation.
* Test (Sum of 25)/(Sum of 49)
Note: This is like (Sum of 9)/(Sum of 25) with the final crystal sizes.
* E (electromagnetic energy) versus p (Momeatum),
using the drift chamber spectremaeter.
* Possibly: Veto on the emexgy m the backwup calorimeter.
Note: This may or may not be possible given the thickness of the calorimeter
plates. A better HCAL module is needed.

- MIPs CALIBRATION TEST

» Calibrate the crystals using minimum ionizing particles (MIPs) going along
the Jong axis of a crystal. The mean energy for a MIP is expected to be 330
MeV.

- ELECTRONICS DEVELOPMENT
+ Test the resolution without a large electronic-noise contribution (with Cs-Te

MT’s).

+ Isolate the contribution of noise using vacuum phototriodes and a first-round
preamp and shaper matched to standard FASTBUS ADC’s.

* Develop mounting, shielding and grounding techniques to reach an acceptable
noise level.

* Possibly: Test a second-round of preamps and shapers with a shaping time
~ 10 nsec or less, lower noise, and higher rate capability, used together with
custom ADC’s.

* Test a Switched Capacitor Array readout module (Marlow).



SECOND ROUND TEST:
9x9 ARRAY (Summer 1992)

- ELECTRON RESOLUTION
Demonstrate og/E = (1.3/VE + 0.5)%
With Electrons from 10 GeV to > 100 GeV
* Calibrate the gain for each crystal + phototube.
* Scan the beam across the central erystal to establish the (position corvrected)
uniformity of response, with the carbon fiber prototype structure, and full-eime

crystals.

* Check the stability of a period of weeks.

* Check the resolution, and the absolute response, as a function of the rate.

+ Compare to GEANT predictions for resolution, energy sharing distributions,
and position reconstruction accuracy as a function of the impact point.

— PION RESPONSE From 10 GeV to > 100 GeV
+ Using data taken at the same time as for the electrons above.
-~ ELECTRON-PION SEPARATION
+ Test (Sum of 9)/(Sum of 25): Transverse shower shape.

* E (electromagnetic energy) versus p (Momentum),
using the drift chamber spectrometer.

* Veto using an HCAL module from our Collaboration,
placed behind the crystal array.

~ ELECTRONICS DEVELOPMENT

+ Use proximity-focused few-stage tube from Hammamatsu. Cross check against
a separate run with high gain tubes or the previously-used phototriodes.

+ Use monolithic preamp -+ shaper circuits, with lower noise than in 1991 tests;
speed compatible with complete separation of signals from each SSC beam
crossing.

+ Develop mounting, shielding and grounding techniques to reach an acceptable
noise bevel for the full-scale calorimeter.

* Test SCA or other higher level (e.g. FADC) trigger and readout modules.



THIRD ROUND TEST:
12x12 CRYSTAL ARRAY

and HCAL MODULES
Spring 1993

Note: This test will include further developments along the lines specified in the second-
round test above, plus the following.

— ELECTRON-PION SEPARATION
~ # Test (Sum of 9)/(Sum of 25), and other algorithms to fit joimkly for the energy
and position (analogous to a test of v/x separation.
* Check simulated results on side and rear leakage from the crystal array.
- ELECTRONICS DEVELOPMENT
* Use latest UV-selective photodevice. Cross check agaimst rems with previous
devices.
* Use monolithic preamp 4 shaper drcuits, with final noise amd palse-spacing
capability, corresponding to separation of signals from each $SSC beam cross-
* Test trigger and digital readout modules.
— COMPENSATION

* Measure the constant term in the resolution.
* Develop optimized weighting methods, to minimize the constant term.

* Check results on the energy distributions in the crystals and the HCAL, and
their correaltions, against GEANT (GHEISHA) simulations. Check against
other simulations (e.g. HETC) if necessary.
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The energy resolution of calorimeters of different design has been extensively
studied with the GREISHA code [4]. Typica! examples are shown in Fig.4.5 to
4.9 for incident jets as a function of energy in the 10 to 500 GeV range.
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Fig.4.5 Jet energy ressbution of BaF; (1.72) followed by 10.7) of 2 cm Pb/0.5
cm scintillator.
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Fig.4.6 Jet energy resolution of BaFs (1.71) followed by 10.7A of 1 cm Pb/0.5

cm scintillator.



