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Abstract

An electronic system, designed to provide a rdative calibration for the readout of the
CMS dectromagnetic caorimeter (CMS-ECAL), is described. On request, this system
injects a pulse a the input of a predetermined group of preamplifiers with presdected
amplitude and a shape identicd to the one produced by the photodetectors. Severd chips,
in DMILL 0.8 pm technology, have been developed for integration on the front-end
electronics. We describe the principle, the testing, the measurement of their precision,
and radiation hardness.

1. Introduction

The eectromagnetic caorimeter (ECAL) is an essentid pat of the CMS experiment.
It has been designed to measure the energy of dectromagnetic particles in a range from
50 MeV to 25 TeV with the extremdy ambitious chalenge of a stochaegtic term = 2%, a
cdibration term = 0.5%, and anoise term = 150 MeV [1].

This exceptiond resolution is specificaly needed between 20 GeV and 300 GeV to
extract from background the dectromagnetic decay of the Higgs boson, if its mass is in
the range 100-200 GeV. Under 20 GeV, the resolution is less important since the
tracking device is more precise than the ECAL. Above 300 GeV, the products of new
physics phenomena can be observed even with a resolution of the order of 1%
(dominated in this region by the cdibration).

A cdibration with a precison of 05% on a 10°-channel detector has never been
achieved 0 fa and certanly requires severd redundant methods of evauation. Our
electronic cdlibration has been desgned to contribute to this chalenge, with different
ams, according to the phase of the experiment. During the mounting and maintenance
periods, it will help us to undersand and debug the detector; during data-taking periods it
will provide the pecific cdibration parameters of the readout electronics.

2. Calibrationsfor the ECAL detector

In our project, the cdibration of the CMSECAL is based on severd patidly
redundant methods:

1. Light cdibration: Light pulses, produced by two centrd lasers, are digpatched
through optica fibres and injected into each crystd a its inner face. The wave-
length of the main lasar has been chosen in the midde of the scintillaion
gpectrum of PbWO, (420 nm) in order to measure the loss of transparency of the
crysas under irradiation a this wavdength [2,3]. The wavdength (600 nm) of
the second laser has been chosen in the region where the trangparency of the
caydds is manly insendtive to radidion ageng; it is foreseen to follow the drifts
of the overdl readout (APD and eectronic).

2. Electronic cdibration: A charge is injected a the input of the readout chain to
cross-cdibrate the multigain preamplifiers and cdibrate the digitization.

3. Inter-cdibration: At low energy, the isolated eectrons are measured precisdy by
the tracker and their momentum is compared with the response of the calorimeter.

1: Lapp, Annecy-le-Vieux, France.
2. CERN, Geneva, Switzerland.
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4. Absolute cdibration with phydcs events At medium energy (up to ~100 GeV),
the abundant yield of W's and Z's will provide an absolute cdibratiion for the
whole cdorimeter. Depending on the luminogty, this ultimate cdibration process
will need between a few days and a month, during which the different reative
cdibrations of the different regions of the detector will have to be anchored.

3. The ECAL readout chain

The overdl readout eectronics was described at the start of the project. It is still under
development and may change again.

3.1. Principle

A pair of twinned APDs, stuck on the back face of every crystal, produces an
electronic pulse (1 nsrisetime and 15 nsfal time) with an integrated charge of ~ 100
electrongMeV . These photodetectors are connected to a multigain, floating point
preamplifier (FPPA), which transforms the APD pulse into a smoother one (40 nsrise
time and 60 nsfdl time), which is sampled at 40 MHz. For each sampling, the system
selects anong the four amplifiers of the unit, the one that has the highest gain and is not
saturated (later named ‘ best amplifier’), and sends the amplified sampling to a40 MHz
flash ADC. A *word builder’ concatenates the 12 bits produced by the ADC with the 2
bits indicating the selected amplifier. Every 25 ns, for every channe of the detector, these
14 hits are transferred to the control room, through optical fibres, 80 m long, clocking &
1 GHz

3.2. The readout front-end card

Every front-end board reads five channels. It contains a control chip (CTRL) that
recognizes and dispatches the ingoing and outgoing information, five FPPAS, five ADCs
and one seridizer—deseridizer connected to an optotransmitter (Fig. 1). Apart from
supplies and grounding, every board is connected to the outside world through optica
fibres only.

According to acode given to the CTRL, the same readout chain can be asked to read
either the APD signal (data mode), or the temperature (from probes ingtaled on the
crystals and APDs), or the dark current of every APD.

3.3. The readout chips

1) The CTRL: The control chip is the loca manager. It recaives orders from the
control room through optica links; it decodes and dispatches them to the different
chips of the readout board, determines the measurement mode (data, temperature
or dark current), organizes the eectronic cdibration (amplitude of the pulse and
trigger), fixes the FPPA thresholds, adjusts the relaive delays between channels
etc.

2) The FPPA is a four-gain preamplifier system; it was developed a IPN (Lyon,
France) and CERN, in the UHF1X Harris process. It receives input signas from
the APDs and from the temperature sensors by a short (10 cm) Kapton flat cable.
Every 25ns it generates an andog sgnd corresponding to the sampled amplitude
multiplied by the best gain and a the same time, on its digital output a 2 bit word,
flagging the amplifier that has been used. The dectronic gan is then optimized
for every sampling of every pulse. The amplitudes a which the gains are shifted
are individudly adjused by thresholds, which can be fine-tuned by internd
DACs.

3) The sampling ADC: Every sampling is kept in a sample and hold circuit and sent
to a 40 MHz 12-bit commercid sampling ADC: AD9042 from Anaog Device.



3
This was chosen for its intrindc peformance and its radiaionhardness
capabilities.

4) The opticd link: the outgoing information passes through a gigahetz seridizer
followed by a light emitter and the ingoing information passes through a receiver
and a deseridizer. This sysem was developed in ASGA technology to optimize
its overall power consumption, reduced to 30 mW.

As mentioned in the introduction, al these chips are till under devel opment.

4. Electronic calibration

4.1. Description
4.1.1. The system
The technica choices were driven by pragmeatic requirements:.

1. The cdibration management orders must use the same dructure as the
readout management ones.

2. The power consumption has to be minimized and should use the exiding
supplies (O/5 V).

3. The readout chain characteristics must not be deteriorated, in particular no
addition of cross tak or noise (specificaly correlated noise). The pulse generators
have to be implemented in or close to the FPPASsto avoid noise and crosstalk.

4. The cdibration has to be a least as precise and rdiable as the readout
chain (in particular in terms of irradiation hardness).

5. The segmentation has to be as fine as possble the lowest leve for
cdibration addressng (amplitude and trigger) hasto be the front-end card.

The dectronic caibration system is mainly based on three chips.

1. The Test Pulse Logicd Sysem (TPLYS) is integrated in the CTRL: from the
ovedl traffic, it sdects decodes, and dispatches the information relevant for
electronic cdibration.

2. The DAC builds the common amplitude level for the five injectors of the
same board.

3. The injector (one per FPPA) generates, when triggered, a pulse of current on
the input of the preamplifier.

4.1.2. The Test Pulse Logicd System (TPLYS)

The TPLS is in charge of the sdection of the cdibration information, the decoding, the
loading of the digitd word in the cdibration DAC, and the building of a trigger window
(400 ng) for the pulse injector.

The cdibraion protocol information is foreseen to fit indde the generd protocol of
data exchange between the control room and the front-end boards. The basic eements for
this protocol are groups of 8-bit frames, transmitted a 40 MHz. The firg four bits of
every frame are dedicated to the readout organization and the last four bits to cdibration.
A cdibration trigger is made in three steps:

a) a 12-bit word is built by merging three successve frames and then
transferred to the DAC,

b) theDAC isloaded,

c) thetrigger window isbuilt, and sent to the injector.

The sequence of frames for a cdibration trigger is then [TV-TV-T1-T2-TV-T3-
T4-TV-T5-T6-TV-T7-T8], where TV are empty frames, T1 to T5 build the amplitude
word, T6 loadsthe DAC, and T7 to T8 trigger the injector.

4.1.3. The DAC

We have chosen a commercid 12-bit DAC in CBCMOS technology: the AD8582AR,
(from Andog Device), for its characteristics, well adapted to our needs. Supply: 0/5V;
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power disspation when unloaded: 20 mW; range 0-4V; resolution: 1 mV; max current
on output: 5 MA.

A dedicated output pin dlows the measurement of the reference produced by the band-
gap. This commercia chip has radiation hardness capabilities that we have checked.

4.1.4. The Andog injector

The andog injector is the most critical pat of this sysem. The cdibration process
darts by ingaling an amplitude level produced by the AD8582AR and then, a series of
400 ns negative trigger windows. At the faling edge of every window, this sysem injects
a current pulse, with a fast negdive fdl edge (<1ns) followed by an exponentid rise
(t =15ng) to the preamplifier input; 400 ns later the risng edge of the window generates
an unused pogtive pulse We have checked that this unused postive pulse does not
perturb or deteriorate the preamplifiers

The dectronic charecteristics of this device have been adjused to the physics
requirements. a tota dynamic range equivdent to that of the detector (pesk current of
4 mA, and a totd charge of 48 pC), a disperson to linearity better than 0.5%, a sability
in the pulse shape better than 1%, and an extremey low Power Supply Regection Retio
(PSRR) on both the supply and the DAC lines. Its radiation hardness has to be safe up to
at least 10 n/en? and 3 Mrad in g (equivaent to 10 years of LHC running conditions).

Usng the multiproject processes facility, we have made five generations of
prototypes, a firs one in AMS technology to test the principle, three versons in CMOS
technology, and one version to test the integration of the five channelsin one chip.

In the fina design, theinjector is made of three parts (Fig. 2):

1. The receiver adapts the level of the PECL trigger window produced by the
TPLS and sharpensits edges in order to avoid the dispersion in time definition.

2. The trans-impedance amplifier trandates the voltage level produced by the
DAC into a current level, needed by the pulse generator.

3. The pulse genegraor is manly a two-branch bipolar circuit. When
triggered, it tips the flowing current from ane branch to the other. The capacitance
Cout (60 pF), rapidly discharges and then recharges through Ry (250 ?). The
decay time of the pulse is then (Rowt =~ Cow). In order to fix the decay time
whatever the process dispersons on Ry, the capacitances Cow wWere placed
outsde the chip as CMS components, to dlow an individud, precise adjustment
of the product (Rout ~ Cout).

The overdl power consumption of this injector, one of our mgor concerns, was reduced
to 20mW for Vpac=0, up to a maximum of 55mW for Vpac= 1V. This power
disspation varies by 2.3% according to the process dispersons and by 2.9% for a
temperature increase from 27°C to 70°C.

The other dispersons have been sysemdicdly evauated both by smulaion and by
measurements.

& Dispagons due to the foundry process (‘word case smulation’): We
found no messurable varidaion in the dope Qout/Vpac, dight digpersons of 5mV
on the threshold (defined as the vaue of DAC a which the injector sgnd sarts to
increase), dight disgperdons on the linearity (0.25% a 10GeV) and on the
saturation level (1.3%).

b- Temperaiure When the temperature varies from 27°C to 70°C, the only
measurable effect isadight drift of the thresholds from 35.7 mV to 33.7 mV.

In order to fulfil the required precision, the chips will have to be individudly pre-
cdibrated on the find boards and the offset (Qou: for Vpac = 0) will haveto be
remeasured periodicaly during deta taking.



4.2. Qualification of the prototypes
4.2.1. Qudification procedure

Figure 3 shows the chain that has been mounted to qudify the different components of
the project. This chain is essentidly composed of a PC monitoring a VME crate and a
CAMAC crate. These crates contain different sampling and charge ADCs and custom
modules to smulate specific CMS protocols controlling the system. A precise multi-
meter (for voltage measurements) and a digital oscilloscope (to measure the shape of the
injector pulse), both linked to the PC by GPIB, have aso been used.

According to the type of measurement, the same program can test dther the
transmisson and decoding capabilities of the TPLS with datistic on eventud errors, or
the precison of the DAC, or the precison in linearity of the injector, or the effects of
radiation on the response of the different parts of the system.

A linearity measurement run condsts of building a ramp of increesng amplitude on
the DAC and measuring the answer of the injector, through a high-qudity amplifier. For
every sep of ramping, the PC computes the average response and the root mean square
over 10 triggers on the ADCs, or the voltage response on the multimeter. When the
ramping is finished, a linear fit is performed on the draight part of the ling a chi square
and aresidues digtribution are then computed.

4.2.2. Qualification measurements
a) Qudification of the TPLS

Extendve tests were carried out both in transmisson and decoding; the default rate
was found to be lower than one part per million, even under and after irradiation.

b) Qudification of the AD8582A

The qudification of the DAC condsted in the measurement of the offset (output
voltage for DAC =0), and the evauation of the dope (mV/hit), of the fitted offset and of
the resdues to alinear fit on the linear part of the response.

Table 1 and Fig. 4 show the disperdgon in linearity and the resdues (in millivolts and
in per cent) to alinear fit (LLSB = 1 mV).

It can be seen that the deviations from linearity are ways better than 0.3 LSB.

¢) Qudification of the injectors

For every injector prototype foundry, we measured on & least five chips.

1. the measured offset (charge response of the injector for DAC = 0),

2. thethreshold (DAC vaue a which the injector starts to increase),

3. the parameters of the linearity (dope, threshold, residues etc.),

4. the saturation voltage (highest input voltage for which the digance to the
fitted line starts to be larger than 1%),

5. the dynamic range (defined as the range between threshold and saturation,
where the linearity resdues become systematicaly larger than 1%).

The linearity of the injectors was measured ether by the voltage drop at the edges of
Rout (which is more precise than the charge measurement), or by the integrated charge
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with a precise 13-bit ADC. In some runs, we dso verified on the digitad scope that e
shape of the pulse did not change with amplitude, irradiation, temperature, €etc.

4.2.3. The linearity

The linearity of the injector is a convolution of the linearity of the trans-impedance
amplifier by the linearity of the pulse generator. Our chip prototypes were designed to
alow the evauation of both contributions.
& Linearity of the trandmpedance amplifier
Table 2 and Fig. 6 show the disperson of the linear parameters and the residues on the
linear fit to the response of the AMS prototype amplifiers.
b- Globd linearity of the injector
Figures 5 and 6 and Tables 2 and 3 show an example of the resdues to the linear fit
both in charge and in voltage (as described in Section 4.2.2. ¢). These measurements were
made on the two first generations of prototypes in the AMS and DMILL technologies. It
shows dggnificant digpersons a low amplitude which have been corrdated to the
technological dispersons between different foundries. In DMILL, for a given wafer, the
corresponding dispersions between the centre and the edges are of the order of 2-5%.

4.2.4. PSSR measurements on the injector

We measured the transfer ratio between the supply or the DAC inputs and the injector
output with a spectrum andyser connected on the pins of the chip. Figures 7 and 8 show
the rgection ratio in both the inactive and active modes of the injector on +5 and -5
supply lines and on the DAC line. Between 10° and 108 Hz, the ratio is better than 60 dB
for supplies and 80 dB for the DAC, with a difference of 20 dB between the active and
the inactive injector mode. Thisnoiseisadways= 0.5 nV/vHz.

5. Irradiation tests

During 10 years of LHC running, we expect an integrated luminosity of 5 10°pb™.
During this 1period, the readout dectronics of the CMS ECAL will integrate a dose of the
order of 10" neutronslcm? and 300 krad of gammas in the barrd and 10'* neutrons/cn?
and 1 Mrad in the end caps. We have tested the hardness of our prototypes for such doses
under both neutron and gammairradiations.

5.1 Irradiation sources

a) Neutron sources. After a preiminary test on the Ulysses nucdlear plant a Seclay
(Run 1), we used the SARA cyclotron ingdlation in Grenoble (France) (Run 2,
up to 1.5° 10" n/cnf) and after its definitive shutdown, the CERI ingtdlation in
Orléans (France), where the neutron beam irradiation facility had been moved
(Run 3, up to 65" 10 /e?; Run 4 up to 10" n/en? and Run 5 up to 1.1 10'°
n/cnf). The SARA and CERI beams [4, 5, 6] produce neutrons by stripping off
deuterons from a thick beryllium target. The average energy of these neutrons is ~
6 MeV with a FWHM of ~ 6 MeV. The fluency can be adjusted by the distance to
the target, with a maximum of 10" n/cf/hour. The photon contamination to
these neutron beams has been evduated a 3.6 kGy for an integrated dose of
27 10" n/enf. The absolute normaization of the integrated doses was obtained
by measuring the irradiation of smdl nickd washers, suck on the chips and
analysed later at 1SN (Grenoble).
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b) Gamma source: We irradiated an injector designed for the barrel up to 400 krad,
(Run 8) on a cobdt source facility & PS (Villigen). During this test, owing to
safety requirements, the chip was not powered.

5.2 Results on neutron irradiation

In order to measure online the eventud degradation of the tested chip, the boards
containing the chip were linked ether to the control room or to other specific boards,
deported far enough from the neutron beam. Figure 9 shows the set-up that we used.

1. TPLS We irradiated the TPLS in neutron beams during Runs 3 and 4 and
found neither deterioration nor single eectron error induced by irradiation up to
11.5" 10" n/on? and 36 Mrad.

2. DACs The DAC is manly made of three pats i) a band gap that
produces a voltage reference stabilized againg supply and temperature drifts, ii) a
divider that organizes the steps, and iii) an output buffer that dlows the DAC to
drive the output current.

Figure 10 shows the drift of the voltage reference under neutron irradiation (which
measures the band gep hardness) for two different DACs. The Ve shift is < 0.2% for an
equivaent integrated dose of 10 LHC years. For the output voltage of the DAC, this
produces no shift on the offset and a dope variation of 0.2%.

We tested the linearity of the DAC under neutron irradiation up © 6~ 10" n/en?. We
found a drift of -0.5% on the reference voltage, 2 mV on the offset and —-0.6% on the
dope. We saw no effect on the divider part of the DAC.

3. The injectors. The injectors were irradiated in al the neutron sources
previoudy mentioned. We evauaed the drifts in measured offsets, and in
linearity (fitted offset, dope and range).

For an integrated dose of 2.9° 10 n/on?, the main average changes are 0.7% on the
dope and 3mV on the offsat. Figure 11 shows an example of these measured irradiaion
effects.

Run 5 was a test to evaduate the hardness limit of our injectors under irradiation. We
submitted them to an integrated dose of 1.1 10% n/en? (and 400 krad of gammas).
Figure 12 shows the variation in dope (~1%). Figure 13 shows the main effect: a dradtic
reduction of the dynamic range by a factor 3 due to a drop of the saturation voltage. Later
on, in the laboratory, this effect was recovered up to 96% by heeting the chip a 80°C for
three days.

6. Application of the electronic calibration on beam measurements

This eectronic cdibration was mounted on a specific set-up dedicated to the precise
evauation of the ageing of the CM S crystals under irradiation on atest beam at CERN
(GIF fadility). For this evauation, we dternated runs during which a group of crysas are
irradiated by a Cs137 source under 15 rad/hour, and runs during which their response to
an eectron beam is precisely measured. A sophigticated calibration by light injection
from alaser and from LEDs s used to follow the transparence variation due to
irradiation. Figure 14 show an example of corrections that are gpplied off-line to correct
the readout drifts during a stabilization run (without irradiation), for LED data

Figure 15 shows that when the readout is stable, the calibration does not deteriorate
the data.
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7. Conclusions

We desgned an dectronic cdibration sysem for the CMSECAL readout chain.
Severa andog and logic chips were founded in the DMILL process and tested. We
proved that this system is dable in rea experimenta conditions and ressant to noise
injected on any connections and to irradiation damage up to 1.1° 10'° neutronsent
(3.6 Mrad).

This s#t-up, designed for the next generation of LHC experiments, can be adapted to
any detector readout chain, working in a hogile environment in terms of temperaure,
radigtion rate, inaccessibility, needing extreme reliability, low power consumption, etc.

For complex, high-granularity detectors, this tool is well adapted to understanding and
debugging the cabling during inddlation and interventions, to understanding bresk-
downs, and during datateking to intercdibrating the different channels or different
regions of the detector. It clearly has to be integrated from the beginning in the eectronic
readout design, as amajor component of the readout.
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Table 1: Digperson in DAC linearity as measured in laboratory

DAC Adjusted dope Adjusted offset(V) | Measured offset (V)
1 0.99947 0.0010658 0.0007449
2 0.9998 0.0009184 0.0006529
3 1.0012 0.0009744 0.0006780
4 1.0009 0.0007302 0.0004752
5 0.9996 0.0009378 0.0006508
6 0.99968 0.0009172 0.0006571
Average 1.001 ~ 0.9995 0.0007 ~ 0.001 | 0.0005~0.0008

Table 2: Results of linear fit on the input amplifier of AMS injectors

Injector Slope Adjusted offset (V) Messured offset Saturation
\2 V)
1 1.0005 -0.003257 0.0043 1.497
2 1.0000 -0.0030909 0.0045 1.494
3 0.99967 -0.00107 0.0044 1.501
4 1.0006 -0.001501 0.0043 1.503
5 1.0003 -0.0032399 0.0043 1.503
Average  [1.0006/0.9996 -0.004/-0.001 0.0043/0.0045 >1.494

Table 3: Technologica digperson in charge linearity for DMILL injector chips

I njector Slope Adjusted offset Saturation Dynamic
(pedestd incl.) (pedestd incl.) | range (ch.)
1 2401.7 864.92 4497 3632
2 2425.1 863.06 4511 3648
3 2393.8 864.41 4468 3604
4 2413.2 866.12 4498 3632
5 2379.5 863.29 4446 3583




Figure 5: Pools of thefit (%) on the input amplifier of AMS injectors
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Figure 6: Pools of Q,, and V,; on linear fits, for six different DMILL bipolar injectors
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Figure 7: Power supply rejection ratios (PSRR) on the -5V (top) ad +5 V (bottom) lines
of aDMILL BiCMOS injector
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Figure 9: Set up for measurements on neutron beam
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Figure 11: Examples of variations of thefitted offset and dope under irradiation
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Figure 12: Shift of the dope (left) and offset (right) for extreme irradiaion
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Figure 14: Example of Sgnd correction by eectronic Test Pulse cdibration. On
the Left Sde the signd is shown with no correction. On the right Sde the TP correction is

applied.
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Figure 15: Example of correction applied on aLED dgnd. On the left side the
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