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The BABAR Cesium Iodide Electromagnetic Calorimeter 

C. R. Wuest 

Nuclear and Particle Physics Division, 
Lawrence Livermore National Laboratory 
P.O. Box 808 L-289, Livermore, California 94551 
USA 

The BABAR Cesium Iodide Electromagnetic Calorimeter is currently in the technical design stage. 
The calorimeter consists of approximately 10,000 individual thallium-doped cesium iodide crystals 
arranged in a near-hermetic barrel and endcap structure. Taking previous cesium iodide calorimeters 
as a benchmark, we hope to build a system with roughly two times better energy resolution. This 
will be achieved by a combination of high quality crystal growing, precision mechanical processing 
of crystals and support structure, highly efficient light collection and low noise readout electronics. 
The calorimeter described here represents the current state of the design and we are undertaking an 
active period of optimization before this design is finalized. We discuss here the physics motiva- 
tion, the current design and options for optimization. 

1. PHYSICS REQUIREMENTS AND 
PERFORMANCE GOALS 

The implementation of high resolution and 
highly efficient cesium iodide (CsI) calorime- 
ters has led to major advances in the areas of 
conventional B -meson, charmed meson, 
charmed baryon and z spectroscopy at 
the Y(4S) resonance. Excellent electromagnetic 
calorimetry to complement charged particle 
tracking is essential to the physics goals of the 
BABAR experiment where the tagging and re- 
construction of events containing CP eigenstate 
decays is the additional but primary focus of 
the experiment. The reconstruction of CP ei- 
genstates containing one or more no decays 
places tight requirements on the calorimetry. 
High efficiency for low energy photons is re- 
quired to offset the small branching fraction 
typical of all CP eigenstates, and to make pos- 
sible the reconstruction of those final states 

containing several no's. Good energy and angu- 
lar resolution improves the no and B mass res- 
olutions, in turn improving the signal-to-back- 
ground ratios of these rare decays. The 
calorimeter also is required for lepton identifi- 
cation ( e  / IC and e / p separation), in particu- 
lar, providing one of the important tags for ev- 
ery CP analysis. 

1.1 Physics Processes Influencing Calorimeter 
Performance Goals 

hew and Angular Resolution 

The understanding of CP violation in the B- 
meson system requires the reconstruction of fi- 
nal states such as Bo + J / I~KZ, B O  + J / yKo0, 
B O  + ~ ' I c ' ,  B O  + D'D-, Bo D*+D*-, 
Bo + @no, and Bo .--) KZKZ. 

These channels either contain a direct no or 
can be reconstructed through a decay chain con- 



taining one or more daughter ~ ' " s .  The K: is 
the most obvious, but decays of D' and D" 
have large branching fractions containing 
daughter no's. These decays are similar to av- 
erage B decays, which contain an average of 
5.5 charged tracks and photons, and have 
about 50% of their photons (see Fig. 1) I 2  GeV 
(where the boost of the B E  system is 
b y  = 0.56).  Because the B-meson is moving 
relatively slowly in the laboratory, it is the 
photon energy resolution, rather than the an- 
gular resolution, which determines the Bo 
mass resoIution in each case.1 

This is so even for the kinematically most 
extreme channel of interest, Bo + n0zo (used 
to untangle penguin contributions to 
Bo nix-), where both no's have momenta 
above lGeV and photon energies extend 
14 GeV (see Fig. lb). 

Photon Efficiency and Solid Angle Coverage 

Sensitivity to low-energy photons is the 
critical parameter for efficient no detection. 
Figure 2 shows the no and B-meson reconstruc- 
tion efficiency for generic B decays as a func- 
tion of the minimum detectable photon energy. 
Reconstruction efficiency is also sensitive to 
solid angle coverage, where some correlation 
occurs in specific channels. Figure 3 shows the 
reconstruction efficiency both as a function of 
the minimum and maximum measured photon 
energy and as a function of the minimum and 
maximum detectable polar angle for (i) 
Bo 4 nono, producing four relatively high- 
energy photons, (ii) Bo + / I+&:, where 
K,O + zozo, producing four relatively soft 
photons, and (iii) Bo + p*nT, producing only 
two photons. 

Losses in the forward direction (upper left) 
are not as severe as for low-multiplicity all- 
charged modes, though zono is somewhat 

worse than z'z-. In the backward direction 
(upper right) the demands on solid angle cov- 
erage are more modest. 

Constraints From Non-CP-Violation Physics 

For B-meson reconstruction, the importance 
of achieving efficient photon detection in the 
energy range 0.02 GeV - 5.0 GeV, along with 
good energy and angular resolution in the 
largest possible solid angle has been shown. 
The backward region of the barrel and the 
backward endcap contributes less to the over- 
all efficiency for B reconstruction. 

The ability to tag the outgoing lepton for 
two-photon physics puts the most stringent re- 
quirement on efficient backward calorimetry, 
however, resolution may be substantially sac- 
rificed without impact on the physics. For pro- 
cesses with lower multiplicity final states, 
e.g., Bhabha scattering, charm decays and z 
decays, the energy range extends all the way 
up to that of the high-energy beam, making 
leakage an important consideration. 

Rare decays of individual heavy mesons 
containing b and c quarks, and rare T decays 
require the efficient rejection of backgrounds. 
Studies of semileptonic processes require excel- 
lent lepton-hadron separation, comparable to 
that required of the CP tag. 

1.2 Summary of Performance Targets 

These physics requirements, along with the 
desire to achieve resolutions matching those of 
other detector subsystems, lead us to a design 
based on approximately projective CsI(T1) 
crystals over the entire available solid angle. 

Taking CLEO-I1 as a baseline, the energy 
resolution will be improved by reducing back 
leakage and losses in the inactive material in 
front of, and within the calorimeter, by reduc- 
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Figure 1. Photon energy spectrum in (a) generic B decays and (b) Bo + dn0 events. 
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Table 1 
Target performance for the BABAR CsI(T1) calorimeter 

Parameter BABAR Performance 

- (constant term) O E  1% 
E 
DE - (stochastic term) E 

1 Yo 
c 

10 mr 5 
6, rp 

E (at 0.020GeV) 85% 
E (at 0.10GeV) 95% 
e / n’ separation at 0.5OGeV) 1 x 10” 
Minimum detectable energy 10 - 20 MeV 
Electronic noise/crystal 0.1 MeV 

ing electronic noise (allowing more energy to be 
summed), and by increasing the usable solid- 
angle coverage and granularity. 

The energy resolution target for photons at 
a polar angle of 90’ is: 

The constant term arises from front and rear 
leakage (0.5%), inter-calibration errors 
(0.25%) and light collection non-uniformity (I 
0.5%). The expression does not include elec- 
tronic noise, estimated to be S 0.1 MeV /crystal 
with the proposed readout system, because 
this contribution will be negligible for typical 
clusters of 16-25 crystals, even at low energies. 
The resolution will degrade for larger polar 
angles as a consequence of the geometrical ar- 
rangement of crystals. 

The angular resolution is determined by the 
crystal size and average distance to the inter- 
action point. A resolution somewhat improved 
over CLEO-I1 will be obtained, as the crystals 
are chosen to have a smaller average face size 
of - 4.3 x 4.3 cm’ to improve light yield and are 
placed at a slightly larger average distance. 

5mr1‘ 5mr 

The minimum detectable energy for photons 
will be about 10 -20 MeV, as it is in CLEO-II. 
It is expected to be largely determined by beam 
and event-related backgrounds in the 
calorimeter, because the intrinsic efficiency 
should be close to 100% at a few MeV. 

The solid angle coverage will extend to 250 
mr from the beamline in the forward direction 
( cos( e) 5 0.99) and to 550 mr from the beam- 
line in the backward direction 
(cos(19) 2 -0.89). Additional calorimetry 
will cover from 300 mr to 500 mr in the back- 
ward direction, primarily for two-photon tag- 
ging. The performance of the calorimeter is 
summarized in Table 1. 

2. CALORUllETEROVERVIEW 

2.1 Techrtology Choice 

The physics goals for BABAR require an 
electromagnetic calorimeter with excellent 
photon energy resolution and efficiency at low 
energies (100 MeV). The calorimeter must 
therefore lie inside the solenoid coil and thus 



Table 2 
Properties of CsI-based scintillators 

PROPERTIES CSI CsI(T1) CsI(Na) 
Radiation Length (cm) 
Absorption Length (an) 
Light Yield (PhotonslMeV) (x103) 
Moliere Radius (an) 
Peak Emission (nm) 
Lower Wavelength Cutoff (nm) 
Refractive Index at Emission Maximum 
Decay Time (ns) 

Melting Point (K) 
Thermal Exp. Coef. (K-l x 
Hardness (Mho) 
Hygroscopic 

Density (g/cm3) 

1.85 
34.2 
2-10 
3.8 
320 
260 
1.95 
10 
4.51 
894 
49 
2 
slight 

1.85 
34.2 
50-60 
3.8 
565 
320 
1.7 
940 
4.51 
894 
49 
2 
slight 

1.85 
34.2 
38-44 
3.8 
420 
300 
1.84 
630 
4.51 
894 
54 
2 
weak - 

Radiation Hardness (rad) io4 103.1 10% 
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Figure 3. Starting clockwise from upper left, dependence of B reconstruction efficiency on minimum 
detectable 6, maximum detectable 6, maximum detectable energy and minimum detectable energy 
for decay photons from Bo + nono (solid), Bo -+ J / yK;, J / y -+ [+e-, K: + no&' (dash-dot) and 
Bo + p'?rT, pf + K'KO (dash). 



requires a readout system that operates in a 
magnetic field. 

These considerations, together with those 
of cost and engineering impact upon the detec- 
tor and PEP-I1 accelerator, led us to choose a 
CsI(T1) crystal calorimeter with photodiode 
readout.3~4 The relevant properties of CsI(Tl) 
are summarized in Table 2. 

Experiments using arrays of CsI(T1) similar 
to this proposal have achieved noise perfor- 
mance of 250 to 500 kelrlcrystal. Noise perfor- 
mance, at the 100 keV/crystal level, should be 
achievable with improvements in crystal 
light output and surface preparation, light 
collection, photodiode packaging, and low 
noise charge sensitive preamplifiers. Lower 
noise per crystal implies an improved energy 
resolution because a larger number of crystals 
per shower can be summed. 

The radiation environment at PEP-I1 is 
more severe than that at existing e'e- collid- 
ers because of much higher beam currents. The 
calculated beam-related background rates for 
the PEP-I1 accelerator provide a wide safety 
margin. However, in actual storage ring opera- 
tions experience shows that most of the radia- 
tion exposure will come from injection and ma- 
chine studies. 

Scaling typical CESR operation to the 
beam currents expected at PEP-I1 gives about 
1.5 krad/year at a radius of 45 cm and 0.5 
krad/year at 100 ~ m . ~  The PEP-I1 masking sys- 
tem has been designed with graded apertures 
to prevent the deposition of large amounts of 
radiation in the interaction region due to acci- 
dental beam loss. It is still desirable, how- 
ever, to provide a large safety margin by using 
detector components that are intrinsically ra- 
diation hard and can survive doses of tens of 
krads over the lifetime of the experiment. 

2.2 Description of the Calorimeter 

The baseline design of the CsI(T1) 
calorimeter consists of a cylindrical barrel sec- 
tion and two conical endcaps as shown in 
Figure 4. Radially, the barrel calorimeter is 
located outside the barrel particle ID system 
(a DIRC barrel system} and within the magnet 
cryostat. It weighs 32 tonnes, and is supported 
off each end of the coil at two points by eccen- 
tric pins. The barrel volume has an inner ra- 
dius of 100 cm and an outer radius of 150.8 cm. It 
is asymmetric to the interaction point, extend- 
ing 1.5 m in the backward direction, and 1.7 m 
in the forward direction. The barrel covers a 
solid angle corresponding to cos(ts) 2 -0.84 and 
cos(@ 10.89 in the lab. These dimensions are 
summarized in Figure 4. 

The barrel is built of 500 micron thick car- 
bon fiber composite (CFC) compartments that 
house individual crystals. The crystal geome- 
try is approximately projective, as is that of 
the endcaps. At 90' to the beam, a compart- 
ment extends -43 an radially. Aluminum sup- 
port elements bonded on the back of each com- 
partment allow them be grouped into modules 
3 crystals wide and 7 crystals long and carry 
loads to a cylindrical strongback structure, and 
then to the coil. The strength of the rear sup- 
port allows a thin -0.7 mm cylinder of alu- 
minm (reinforced by CFC and foam) in front of 
the crystals to provide a gas seal and electro- 
static shielding. Cooling, cables and services 
reside at the rear of each module. 

For both physics and engineering reasons, 
the design of the two endcaps is different. In 
the forward direction, a great deal of effort 
has been made to minimize both the material 
in front of the endcap and the material in the 
gap separating it from the barrel in order to 
achieve high performance for our major 
physics goals. The design of the backward 
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Figure 4. Schematic view of the BABAR Detector showing the details of the various sub-systems 
along with a few key dimensions. Note that the DIRC is read out in the backward direction and so 
the barrel/backward endcap coverage is less hermetic in this direction than in the forward 
direction. 



endcap has been tailored to different physics 
goals, namely two photon physics, because the 
DIRC particle ID system prevents a close mat- 
ing of the barrel and endcap in this region. 

The forward endcap is a conic section, with 
front and back surfaces tilted at 20 degrees to 
the radial direction to conform to the drift 
chamber endplates and to minimize the 
distance to them.The endcap crystals weigh 
-6 tonnes. The endplate of the drift chamber 
and the forward particle ID system contain 
most of the material in front of the forward 
endcap calorimeter and act as potential 
photon pre-converters. The drift chamber 
endplate contains -0.05 radiation length (rl) 
while the aerogel contains an average of -0.15 
rl. To reduce the impact of this material on 
calorimeter performance, the distance of 
travel is minimized before absorption in the 
calorimeter. To minimize the gap between 
barrel and endcap, the forward endcap is 
supported off the magnet coil, rather than the 
flux return end doors, allowing precise 
alignment of the endcap to the barrel. To 
further reduce its influence on resolution the 
barrel/endcap gap is made nonprojective. The 
forward endcap extends from an inner radius of 
63 cm from the beamline, making an angle of 
265 mr to the beam. It covers a solid angle cor- 
responding to 0.85 I cos( z9) I 0.89 in the lab. 
The forward endcap is retracted on a system of 
removable rails that are installed after the 
doors are opened. This allows fast access to the 
barrel end regions. 

The -2 tonne backward endcap covers a 
small center of mass solid angle 
- 0.88 -< cos(29) I - 0.84 in the lab. The mate- 
rial seen by it is significant, varying from 0.3 
to -1 rl, due to the vertex support structure and 
the drift chamber electronics and endplate. It 
is constructed from two pieces to form a hollow 
cylinder, with crystals of only 12 rl arranged 

in a non-projective geometry. The backward 
endcap will be removable on a “trolley sys- 
tem” located on tracks recessed into the beam- 
line support pedestal. The backward endcap 
extends down to 75 cm, making an angle of 356 
mr to the beamline. 

Each endcap is built as a monolithic struc- 
ture consisting of load-bearing outer containers 
filled with a honeycomb of pockets, each con- 
taining one crystal package. The crystals are 
located using a set of radial rails which also 
carry Freon for cooling the preamplifiers and 
diodes. The forward endcap is segmented ver- 
tically into two pieces, each of which is sepa- 
rately removable. The loading due to crystals 
in each segment is transmitted to the outer con- 
tainer to a space frame bolting onto the end 
flange of the barrel. The rear endcap is made 
from several segments and removed piece-wise 
using a special trolley running inside the DIRC 
support tube. The honeycomb walls separating 
the crystals are made from 500 micron thick 
woven CFC material. Those of the outer con- 
tainer vary from 2 mm adjoining the barrel to 
20 mm for the inner surface. Rigidity with 
minimum material is obtained by using two 
skins of CFC separated by a Nomex core. 

In both the barrel and endcaps each crystal 
is wrapped with a diffuse reflecting material 
on its sides and a reflector on its end. Two 
diode readouts and their independent pream- 
plifier packages are located at the rear of the 
box. This minimizes cable length and hence 
electrical pickup. Each crystal is located, and 
held loosely in its compartment, by a rear 
stiffening ring that also acts to locate and sup- 
port the diode/preamplifier package. Cables 
for diode bias, preamplifier power and cool- 
ing, and calibration signals enter the back of 
the compartment. The crystal and electronics 
are shielded by a foil liner and cover.plate at 
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Figure 5. GEANT geometry used in simulating the calorimeter. The crystal segmentation is evident 
in this figure. Some details of the barrel and endcap calorimeter enclosures, the DIRC and beam line 
have been left out for clarity 



the ground potential of the mechanical struc- 
ture. 

There are 8064 crystals in the barrel, con- 
sisting of 56 rows of distinct sizes, each having 
144 crystals in azimuth around the beam axis. 
The forward (backward) endcap has a total of 
1728 (1584) crystals, made up from 12 (11) dis- 
tinct radial rows of 144 identical crystals in 
azimuth. The crystals are tapered along their 
length, with a trapezoidal cross sections. The 
area of the front faces of the crystals averages 
4.25 x 4.35 cm', while the back face area av- 
erages 5.5 x 5.6 ad. They vary in length from 
18 rl in the forward region to 12 rl in the back- 
ward endcap. The barrel and endcaps have to- 
tal crystal volumes of 6.45 m3 and 0.93 m3 (0.43 
m3), respectively. Figure 5 shows a GEANT ge- 
ometry of the calorimeter using the crystal 
segmentation described above. 

trigger video RAM memory and passed along 
for the full trigger decision. 

The barrel digitization electronics is 
housed on the forward end of the barrel, in 24 
bays. Fiber optic cables are carried up through 
the barrel and endcap flux return at the for- 
ward end. Those of the forward (backward) 
endcap are housed behind each endcap, in 12 
(9) bays. Easily disconnectable fiber optic ca- 
bles are routed through the flux return on the 
forward end, and between the barrel and the 
backward endcap on the backward end. 

3. OPTIONS UNDER REVIEW 

The baseline calorimeter has been de- 
scribed above. A number of variations have 
been evaluated, with some remaining under 
consideration. These options are described 
briefly below. 

2.3 Readout Chain and Trigger 
3.1 Monolithic vs. Modular Support System 

Because access in the barrel is severely lim- 
ited and for optimal performance, two inde- 
pendent photodiodes view scintillation light 
from each crystal; each has an independent 
preamplifier and calibration input. Amplified 
signals are carried differentially to the end of 
the detector where they are input to shaper 
amplifier dual range ADC's, time sampling 
the data at 3 4  MHz.  Both channels are digi- 
tized to 18 bit dynamic range, and electronic 
and "optical" constants applied. Digitized 
signals pass out of the detector to the DAQ re- 
ceiver modules on fiber optic cables. The DAQ 
receiver further processes the data, performing 
further corrections to the digitized waveforms, 
then stores both channels of data in video 
RAM. 

Trigger sums of six azimuthal by six longi- 
tudinal crystals are formed digitally on the 
DAQ cards. This data is stored separately in a 

* 

We have considered monolithic and modu- 
lar support structures. Monolithic support 
structures, such as the carbon fiber composite 
system used in the L3 BGO system (see paper in 
these Proceedings by Y. Karyotakis), are fully 
integrated systems that combine strength and 
low mass, and facilitate crystal installation. 
The major drawback to such assemblies are the 
increased complexity of fabrication and the 
high cost, arising in part from the need to in- 
corporate proper compensation for the loading 
and deformation of the crystals that occur 
when they are in the structure. 

Modular systems are not as strong as mono- 
lithic ones, and require more material to 
achieve the required strength and resistance to 
deformation. They may, however, be less ex- 
pensive because each unit is small and hence 
easier to fabricate, handle, and assemble. 



Fabrication and assembly of modules can occur 
at many locations simultaneously. 

The BABAR calorimeter will be a hybrid; a 
modular system in the barrel and a monolithic 
system in the endcaps. The relatively small 
size of the endcaps should obviate the prob- 
lems of fabrication anticipated for a larger 
monolithic system, while reducing the prob- 
lems of assembly and removal to gain access to 
the subsystems mounted inside them. 

3.2 Longitudinal Segmentation of Crystals 

We have considered the segmentation of 
crystals along their length (at about 3 rl from 
the front) to provide information on longitudi- 
nal shower development. Some improvement 
in separation is indicated by Monte Carlo stud- 
ies, but this was judged not to have a signifi- 
cant impact on the physics performance. 
Moreover, the cost of implementation is pro- 
hibitive, and we are not considering this op- 
tion any further. 

3.3 Crystal Cross Section - Trapezoidal vs. 
Hexagonal 

While trapezoidal cross sections are con- 
ventional for crystal calorimeters, the use of 
hexagonal cross sections may offer certain ad- 
vantages. In the forward endcap, an arrange- 
ment of hexagonal crystals on a spherical 
bounding surface can be designed that allows 
for a single crystal size to be used, eliminating 
the problems associated with progressively 
smaller crystals of trapezoidal cross section. 

Laboratory measurements indicate that 
hexagonal crystals give -25% greater light 
collection than trapezoidal crystals, and have 
more uniform response along the crystal.6 TKS 
implies that the acceptance criterion for crys- 
tal light yield and uniformity may be relaxed, 

and this could lead to decreased costs in pro- 
curement. The cost of crystal growing and ma- 
chining depends on the technique adopted, and 
is less in certain cases for hexagonal crystal 
shapes. There is decreased cost in machining 
hexagonal crystals from long narrow cylindri- 
cal boules because of reduced waste material, 
however this decreased cost is largely bal- 
anced by the increased cost of cutting and pol- 
ishing the six side surfaces instead of four. 

Engineering design considerations make the 
cost and complexity of the support structures 
for hexagonal crystals greater than those for 
trapezoidal crystals, and complications arise 
at the interface of the barrel with the forward 
endcap where it is vital to minimize air gaps 
and material. 

Overall, we have not been convinced of any 
cost advantage in using hexagonal crystals. 
We have therefore adopted a baseline solu- 
tion of trapezoidal crystals for both barrel and 
endcaps. We shall, however, continue the 
study of hexagonal crystals for use in the for- 
ward endcap, subject to physics, engineering 
and cost considerations because design of the 
latter is not on the same critical path as the 
barrel. 

3.4 Direct Photodiode Readout vs. Photo- 
diode and Wavelength Shifter Readout 

Two options for light collection and readout 
are presently under study. They are large area 
photodiodes directly attached to the crystal 
back face, or smaller area photodiodes affixed 
to the edges of a plate of wavelength shifting 
plastic that covers the crystal’s back face. 
Both techniques have produced results ap- 
proaching the desired noise performance. The 
costs, reliability, and reproducibility of each 
method are currently being evaluated. 



4. CONCLUSIONS AND FUTURE DIR- 
ECTIONS 

The BABAR Cesium Iodide Electromagnetic 
Calorimeter represents our attempt to provide 
excellent performance for a wide range of 
physics processes, while trading off a number 
of issues effecting overall cost and complexity. 
We are actively pursuing a study of physics 
and engineering optimization and it is very 
likely that the calorimeter will continue to 
undergo evolutionary, but not revolutionary 
changes. Our goal is to provide a system for 
the BABAR Detector that is fully defined by 
spring of 1995. Procurement of crystals and con- 
struction could begin as early as October, 1995 
and proceed for a period of 2.5 years when the 
BABAR Detector is scheduled to begin commis- 
sioning runs at the PEP-I1 Asymmetric B- 
Factory. 

2. “HELENA, A Beauty Factory in Ham- 
burg,” DESY Report DESY-92-041,1992. 

3. “Letter of Intent for the Study of CP 
Violation and Heavy Flavor Physics at 
PEP-II,” SLAC-443, June, 1994. 

4. C. Hearty, ”Performance Comparison be- 
tween CsI and LKr Calorimeters for PEP- 
II,” BABAR Note #141, May, 1994. 

5. E. Blucher, et al., Nucl. Inst. Meth. A249, 
p. 201 1986. 

6. “Report on Performance of Hex vs. 
Trapezoidal Crystals,” see Calorimeter 
Session Proceedings of the BABAR Detector 
Collaboration Meeting, October, 1994 
(unpublished). 
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