
ELSE\qER 

JUCLEAR PHYSICS 

Nuclear Physics B (Proc. Suppl.) 78 (1999) 465-470 

PROCEEDINGS 
SUPPLEMENTS 

w~,.elsevier.nlllocatelnpe 

Calibration of the L3 BGO Calorimeter Using an RFQ Accelerator 

A. Favara% U. Chaturvedi% M. Gataullin% G. Grat ta  b, D. Kirkby b, W. Lu c, H. Newman% 
A. Shvorob% C. Tully d, R. Zhu ~ 

~Physics Department, California Institute of Technology, Pasadena, CA 91125 
bNow at Stanford University, Stanford, CA 94305 
CNow at Jet Propulsion Laboratory, Pasadena, CA 91109 
dphysics Department, Princeton University, Princeton, NJ 08544 

An improved calibration technique based on a radio-frequency-quadrupole (RFQ) accelerator is presented. A 
high-intensity flux of 17.6 MeV photons, produced by radiative capture of 1.85 MeV protons from the RFQ in a 
lithium target, is used to calibrate 11000 crystals of the L3 BGO calorimeter. In this paper, we present results 
obtained for the calibration of 1997 and 1998 L3 data samples. For the first time a calibration precision better 
than 0.5% is reached for the entire BGO calorimeter. 

1.  I n t r o d u c t i o n  

L3 is one of the four experiments operating at 
the LEP eee - collider at CERN. The L3 electro- 
magnetic calorimeter (ECAL), composed of Bis- 
inuth Germanate (BGO) crystals, is one of the 
key parts of the detector. Crystal detectors are 
the preferred solution when efficient identification 
as well as precise energy measurement for elec- 
trons and photons are required. BGO crystals of 
the L3 calorimeter are arranged in two endcaps 
(each of 1527 crystals) and two half-barrels (7680 
crystals combined) [1]. A precision calibration for 
each crystal is essential to reach the design energy 
resolution of 1% over the energy range from a few 
GeV up to 100 GeV. 

Prior to the startup of LEP in 1987 88 the bar- 
rel of the BGO calorimeter was calibrated using 
electron beams ranging from 180 MeV to 50 GeV 
in energy. With approximately 1000 electrons per 
crystal the achieved precision on the calibration 
constants was 0.5% [2]. To preserve the energy 
resolution a precise calibration in  s i tu is essen- 
tiM. It is needed to follow tile change in response 
with time of each channel, which is due to changes 
in the crystal itself or in the electronics chain. In 
L3, tile calibration in  s i tu was also essential when 
tile BGO endcaps were installed, in 1991, without 
any previous test-beam calibration. 

Three different calibration techniques have 
been applied in L3. In the past, there were no 
sub-lC/c accuracies: the calibration with cosmic 
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rays reached a precision of 3% 13], and the cali- 
brations based on the Xenon latnps [4] or on the 
RFQ [5] guaranteed a precision of 1.3c7c. 

Ill this paper, we present new results for the 
RFQ calibration which represent a major step for- 
ward both in the improved precision and in the 
reduced systematic effects. 

2 .  R F Q  C a l i b r a t i o n  

2 . 1 .  R F Q  c a l i b r a t i o n  c o n c e p t  
The I~FQ calibration technique uses a pulsed 

H-  beam from the RFQ accelerator to bombard a 
lithium target installed inside the BGO calorime- 
ter. After focusing and steering, the beam is neu- 
tralised t.o allow it t.o pass undisturbed through 
the magnetic field of L3. Radiatiw~ capture of 
protons 

p +]  Li -+~ Be + :, 

produces 17.6 MeV photons that  are used to cal- 
ibrate the calorimeter. 

Figure 1 shows the RFQ system together with 
the L3 detector. Figure 2 shows the target loca- 
tion inside the BGO calorimeter and the propaga- 
tion of the calibration photon flux. The RFQ ac- 
celerator is synchronised to the ECAL time mark, 
such that the calibration signal from the photon 
flux is in time with the integration gate of the 
ECAL readout. The photon energy spectrum of 
each crystal is recorded in a readout memory. A 
veto on the energy deposition in the eight adja- 
cent crystals is implemented to ensure that the 
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Figure 1. A side view of the L3 detector and the 
RFQ system. 

Figure 2. A side view of the BGO calorimeter 
with concentric circles representing the photon 
flux originating from the RFQ target. 

electromagnetic shower is well contained in a sin- 
gle crystal. 

2.2. L3 RFQ cal ibrat ion sys tem 
The L3 RFQ calibration system, shown in Fig- 

ure 3, was developed by Caltech in collabora- 
tion with the "World Laboratory.  It  consists of 
the following components: a 30 keV RF-driven 
(2 MHz) volume H -  ion source and a low-energy 
beam transport;  a 1.85 MeV RFQ (425 MHz) ac- 
celerator, which can provide an H -  current of 
7.5 mA; a high-energy beam transport ,  consist- 
ing of quads and an xy-steering magnet;  and a 
beam neutraliser (H-  -~ H ° + e - ) ,  consisting of 
a 1 m long N2 gas cell, at a typical pressure of 
5 .  10 -4 Torr corresponding to a neutralisation 
efficiency of 55~0. 

The beam enters the L3 detector through a 
10 m long beam pipe and reaches a water-cooled 

Figure 3. The RFQ system: 1. ion source; 2. RFQ 
ion accelerator; 3. steering and focusing magnets 
and 4. beam neutraliser. 

LiH target,  mechanically sealed with a thin Ta 
foil, mounted at the end of the beam pipe. More 
details about  the components of the RFQ sys- 
tern can be found in Ref. [6 I. Figure 1 shows 
tha t  the RFQ system is close to the L3 magnet 
door. A careful shielding from the residual fringe 
magnetic field was necessary to make the system 
operational. 

2.3. R FQ  runs in 1 9 9 7 -9 8  
The last 1RFQ runs, taken in November 1997 

and April 1998, were very successful. The aver- 
age data  acquisition rate was 70 Hz allowing the 
collection of about  9 million triggers in a few days 
run. 

The quality of the calibration depends on the 
photon rate; which is characterised by the crystal 
occupancy, defined as tile fraction of triggers with 
an energy deposition in that  crystal larger than 
14 MeV. The occupancy differs from crystal to 
crystal due to the varying location of the crystals 
relative to the lithium target. The average occu- 
pancies were 0.14% and 0.03% in the half-detector 
oil the near and far side, respectively. The occu- 
pancy in the half-detector on the far side is shown 
in Figure 4. 

A typical photon energy spectrum deposited in 
a BGO crystal is shown in Figure 5, For each 
crystal the calibration constant is given by 

EHH+ 
Cal. Const. (keV/ADC count) = HH + _ Pedestal 

where the calibration point HH + (EHH+ 
17.6 MeV) is half-way below and to the right of 
the calibration signal peak. The sharpness of this 
falling edge ensures that  the HH + point is the 
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least sensitive to a variety of possible systematic 
effects such as the noise level, the incident pho- 
ton angle and the amount  of material  in front of 
the crystal [6]. The values of the calibration con- 
stants determined this way are shown in Figure 
6 for the near side of the BGO calorimeter. The 
average value for the calibration constant is 85 
keV/ADC channel. 

3. C a l i b r a t i o n  w i t h  B h a b h a  E l e c t r o n s  

At LEP the beam energy is known very 
precisely* and electrons produced in Bhabha  scat- 
tering may be used for calibration purposes. Ra- 
diative Bhabha  events, where the electron energy 
differs substantial ly from the beam energy, are 
efficiently rejected by requiring the electron and 
positron directions to be opposite. 

Using the calibration constants determined 
with the RFQ run, we obtain an energy resolu- 
tion for Bhabha  electrons of approximate ly  3%, 
and we observe shifts in the average energy be- 
tween 3% and 9%. The main l imitat ion to this 
calibration method comes from the uncertainty 
on Era1+. I t  is difficult to determine this value 
very precisely, because it is related to the inci- 
dent photon angle and the amount  of material  in 
front of the crystal. In addition, the extrapola- 
tion from the 17 MeV scale to the 100 GeV scale 
may suffer from non-linearities of the crystal light 
yield as well as of the electronics chain. 

Electrons from Bhabha  scattering can also be 
used to improve the calibration, but this proce- 
dure is very delicate and requires a careful anal- 
ysis. Unfortunately the electromagnetic shower 
from a high-energy electron is not contained in a 
single crystal but in a 3 x 3 crystal matr ix  (bump) 
centred on the crystal with the max imum energy 
deposition. Therefore an inter-calibration, pro- 
vided by the RFQ system, is needed to start  the 
calibration procedure. In addition, whenever one 
of the crystals in the bump is noisy or inactive 
the calibration of all the others will be affected. 
The same consideration applies for bumps  close 
to the BGO detector 's  edges, where part  of the 
electromagnetic shower may  be lost. 

Another drawback is the limited statistics 
available in the barrel. In 1998, corresponding 

*Be t t e r  t h a n  0.1% a nd  0.01% at  h igh  energy  and  at t he  Z 
peak,  respect ively.  
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Figure 4. Crystal  occupancy for tile far half- 
barrel (outer rings) and endcap (inner rings). The 
central hole is for the passage of the LEP beam 
pipe. The smaller hole is for the RFQ beam pipe 
and target  insertion. 

10 6 

lO s 

-•  10 4 

1 
IQ J 

10 2 

I 
55 110 1~5 220  2'75 3 3 0  3 8 5  440  49~5 $~0  

A D C  C h a n n e l  

A typical photon energy spectrum Figure 5. 
shown with the definition of the HH + calibration 
point. 

to the highest integrated luminosity ever reached 
by LEP (about 180/pb per experiment),  less than  
one electron per crystal was available for the cali- 
brat ion of the barrel. As a conseqnence, old data  
taken at the Z peak, where the cross section for 
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Figure 6. RFQ calibration constants for the neat" 
half-barrel (outer rings) and endcap (inner rings). 

electrons in the barrel is much higher, should be 
used as well. But this is not straightforward and 
several systematic effects, described in the next 
section, should be taken into account. 

Correction factors to the calibration constants 
obtained with the RFQ system are calculated as 
follows: 

N, EBearn 
1 ~ E-----~ wij '  Corr. fact.j - ~/N__,:I wij ~=1 

where Are is the number of bumps containing crys- 
tal j ,  E~ is the energy of bump i according to the 
RFQ calibration, w~j is a weight assigned to bump 
i proport ional  to the fractional energy in crystal 
j ,  and EB~am is the beam energy. For bumps 
containing noisy or inactive crystals (about  10% 
of the total) or laying close to the BGO detec- 
tor 's  edges (about 6% of the total) E~ and w~j 
are obtained by using a shower-fitting algorithm, 
which provides an est imate of the true energy of 
the bump and of its exact position. 

This procedure is reiterated several t imes un- 
til the correction factors converge to stable val- 
ues. An independent da ta  sample is used to test 

the energy resolution for Bhabha electrons, which 
reaches the 1% level with the improved calibra- 
tion. 

3.1. S t u d y  o f  s y s t e m a t i c  e f f ec t s  
When using electrons from Bhabha scattering 

collected in previous years runs, we should take 
into account t ime dependent effects. A decrease 
of the light yield with t ime has been observed 
since the beginning of L3 operation and it is well 
described by a l i t  function. Different slopes are 
observed for the different parts  of the BGO detec- 
tor, but on average the light yield has decreased 
by more than  10% over nine years. The evolution 
of the light yield over the last three years is shown 
in Figure 7. Different behaviours of the four sub- 
detectors are observed because they were manu- 
factured and installed in different periods. For 
instance the endcaps, which show a more pro- 
nounced decay, are two years younger. The L3 
ECAL aging is most probably due to a degrada- 
tion of the reflective paint coating the BGO crys- 
tals. Radiat ion damage can be excluded because 
this effect is uniform within a sub-detector con- 
t rary to the radiation fluence, which is however 
very low at LEP. 

Another effect, which we discovered recently, 
is the calorimeter non-linearity. During the years 
1995-1998, LEP gradually increased the beam en- 
ergy from 45.6 GeV to 94.3 GeV. Every year a 
calibration run at the Z peak is performed, thus 
allowing us to disentangle the aging from the non- 
linearity effect. As it is shown in Figure 8, where 
the shift is set to zero at 45.6 GeV, the non- 
linearity is about  0.6% over a range of 50 GeV. 
We investigated the same effect at low energies 
using electrons, from radiative Bhabha scatter- 
ing, with an average energy of 3 GeV. Comparing 
the ECAL energy measurement with the tracking 
chamber momentum measurement,  we observe an 
indication of a downward shift of 0.5% compared 
to the response at 45.6 GeV. However this re- 
sult is less robust than the one at higher ener- 
gies for two reasons: the tracking chamber has 
a limited precision and we must heavily rely oil 
Monte Carlo sinmlations to est imate the energy 
loss before the BGO, which is not negligible at 
low energies. 

During the calibration procedure, described 
in the previous section, aging and non-linearity 
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Figure 7. The L3 ECAL aging curves obtained 
with several LEP runs at a beam energy of 45.6 
GeV. 
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Figure 8. The L3 ECAL non-linearity function 
obtained with LEP runs at different centre-of- 
mass energies. 

effects are taken into account when combining 
Bhabha samples collected in different years and 
at different beam energies. 

4. C a l i b r a t i o n  A c c u r a c y  M e a s u r e m e n t  

An unbiased measurement of the BGO 
calorimeter energy resolution is performed using 
a large sample of Bhabha electrons collected in 
1998 and not included in the calibration proce- 
dure. To fit tile Bhabha energy spectrum we 
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Figure 9. The 1998 Bhabha energy spectra in the 
barrel and endcaps and superimposed the fit of 
the function described in the text. 

use a function which takes into account resolu- 
tion effects as well as shower leakages through 
the support structure where BGO crystals reside. 
Namely, we fit a Gaussian matched on the low- 
energy side with a x -n function. The measured 
E C A L  energy, resolution is 1.06% in the barrel 
and 0.86% in the endcaps, as shown in Figure 9. 
Besides the calibration error, several other factors 
contribute to the overall energy resolution. Most 
important  are detector related effects such as dec- 
tromagnetic shower fluctuations, shower leakages, 
and the accuracy of the temperature determina- 
tion. Lower energy electrons from residual radia- 
tive Bhabha events marginally contribute to the 
low-energy tail, especially in the endcaps. 

The BGO light yield is strongly correlated 
to the crystal temperature with a coefficient of 
-1 .55%/°C [2]. Therefore the BGO temperature 
must be well controlled, especially on the rear 
face of the crystals where the preamplifiers are 
mounted. The temperature of every twelfth crys- 
tal is continuously monitored by one sensor at the 
front and one at the back. A two dimensional fit 
is performed to derive the temperature of all the 
remaining crystals. The light yield is then cor- 
rected according to the estimated temperature at 
the depth where the maximum of the shower is 
expected. The uncertainty on this correction re- 
fleets in a 0.5% error on the energy measurement. 

The intrinsic energy resolution of the L3 BGO 
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Table 1 
L3 ECAL energy resolution for 70 GeV electrons 
and photons achieved with this calibration. 

Barrel Endcaps 
Intrinsic error 0.8% 0.6% 

Temperature  error 0.5% 0.5% 
Calibration error 0.5% 0.3% 

Overall 1.07% 0.84% 

detector is limited by electromagnetic shower 
fluctuations and shower leakages through the car- 
bon fibre support  structure where BGO crystals 
reside. This intrinsic resolution is est imated by 
means of a detailed simulation of the L3 detector. 
The resulting errors on the energy measurement,  
for 70 GeV electrons and photons, are 0.8% and 
0.6% in the barrel and in the endcaps, respec- 
tively. These errors are different due to the dif- 
ferent layout of crystals in the two sub-detectors. 

Remaining radiative Bhabha events result in 
a 0.2% and 0.1% smearing for the endcaps and 
the barrel energy spectra, respectively. This con- 
tribution, est imated by using a Monte Carlo for 
Bhabha events, is subtracted in quadrature  to ob- 
tain the true energy resolution of the calorimeter. 

From the measured Bhabha energy spectra, 
shown in Figure 9, and subtracting in quadra- 
ture all the known contributions we derive the 
calibration accuracy, which result in a 0.5% for 
the barrel and 0.3% for the endcaps. All the rel- 
evant contributions to the true energy resolution 
of the BGO detector are summarised in Table 1. 
The energy resolution as a function of the elec- 
tron energy is shown in Figure 10. The energy 
dependence of the intrinsic error is well described 
by a function A/v/-E. The coefficient A is dif- 
ferent for the barrel and the endcaps because of 
the different geometry and amount  of material  in 
front of the crystals. The large statistics of the 
Bhabha  sample available for the calibration of the 
endcaps allows to reduce the calibration error to 
a negligible level. 

5. C o n c l u s i o n  

We presented a new technique for the calibra- 
tion of a crystal calorimeter based on a RFQ ac- 
celerator. We reported results based on the two 
most  successful RFQ runs, taken in 1997 and 
1998. These results improve by more than  a fac- 
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Figure 10. ECAL energy resolution for 1998 da ta  
as a function of the electron energy. 

tor of two the previous accuracy on the calibra- 
tion of the BGO detector. This calibration is 
now in use for the L3 data  reconstruction and 
physics analyses, both for a wide range of new 
particle searches and for the study of electroweak 
and QED processes at LEP2. 

A calibration precision of 0.5% in the barrel 
and 0.3% in the endcaps is achieved. This result, 
which is the best ever obtained since the BGO 
caloriineter was installed at LEP, is also compet-  
itive with the tes t -beam calibration [2]. The new 
calibration technique presented in this paper  will 
be used throughout  the remainder of the LEP2 
physics program, up to centre-of-mass energies of 
approximate ly  200 GeV by the year 2000. 
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