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tGround-based Atmospheri
 Air Cherenkov Teles
opes (ACTs) are su

essfully used toobserve very high energy (VHE) gamma rays from 
elestial obje
ts. Light of the night sky(LONS) is a strong ba
kground for these teles
opes. An ultra-fast read-out of an ACT
an minimize the in
uen
e of the LONS and allows to lower the analysis energy threshold.Moreover, it 
ould help to suppress other unwanted ba
kgrounds.GSamples/s 
ash ADCs are 
ommer
ially available but are very expensive and power
onsuming. Here we present a novel te
hnique of Fiber-Opti
 Multiplexing whi
h usesa single 2 GSamples/s FADC to digitize 16 read-out 
hannels 
onse
utively. The analogsignals are delayed using opti
al �bers. The multiplexed (MUX) FADC read-out redu
esthe 
osts by about 85% 
ompared to using one ultra-fast FADC 
hannel per read-out
hannel.Two prototype multiplexers, digitizing data from 32 
hannels, have been built andtested. The ultra fast read-out system will be des
ribed and the test results will bereported. The new system will be implemented as a full s
ale read-out for the MAGICteles
ope.
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1 Introdu
tion 31 Introdu
tionMAGIC is the world-wide largest Imaging Air Cherenkov Teles
ope (IACT) aiming to study gammaray emission from the high energy phenomena and the violent physi
s pro
esses in the universe at thelowest energy threshold amongst the existing IACTs. An overview about the gamma ray astronomywith IACTs is given in [1℄. MAGIC is a unique dete
tor that will 
over the energy range / energy gapbetween the gamma ray satellite missions and other ground-based Cherenkov teles
opes [2℄.The 
amera of the MAGIC Teles
ope 
onsists of 576 Photomultiplier tubes (PMTs), whi
h deliverabout 2 ns FWHM fast pulses from gamma ray indu
ed air showers. The 
urrently used read-outsystem [3℄ is relatively slow (300 MSamples/s). To a
quire the pulse shape an arti�
ial pulse stret
hingto about 6.5 ns FWHM is used. Thereby also more light of the night sky is integrated that a
ts asnoise. This limits the analysis energy threshold of the teles
ope and redu
es the sele
tion eÆ
ien
y ofthe gamma signal from di�erent ba
kgrounds.For 2 ns FWHM fast pulses a 2 GSamples/s FADC provides at least 4 sampling points. This permits areasonable re
onstru
tion of the pulse shape and 
ould provide an improved gamma/hadron separationbased on timing. The ultra fast read-out 
an strongly improve the performan
e of MAGIC. Theimproved sensitivity and the lower analysis energy threshold will 
onsiderably extend the observationrange of MAGIC and allows to sear
h for very weak sour
es at high red shifts.A few GSamples/s 
ash ADCs are 
ommer
ially available but are very expensive and power 
onsuming.To redu
e the 
ost of an ultra-fast read-out system, at the Max-Plan
k-Institut f�ur Physik in Muni
h a 2GSamples/s read-out system has been developed using the novel te
hnique of Fiber-Opti
Multiplexing.The new te
hnique uses a single 2 GSamples/s FADC to digitize 16 read-out 
hannels 
onse
utively.The analog signals are delayed by using opti
al �bers. A trigger signal is generated using a fra
tionof the light whi
h is bran
hed o� by �ber-opti
 light splitters before the delay �bers. With theFiber-Opti
 Multiplexing a 
ost redu
tion by about 85% 
an be a
hieved 
ompared to using one 2GSamples/s FADC per read-out 
hannel.The suggested 2 GSamples/s multiplexed (MUX) FADC system will have a 10 bit amplitude resolution.For large signals the arrival time of the Cherenkov pulse 
an be determined with a resolution betterthan 200 ps. The system is relatively simple and reliable. All opti
al 
omponents and the FADCs are
ommer
ially available, while the multiplexer ele
troni
s has been developed at the MPI in Muni
h.Two prototype multiplexers, for 32 
hannels in total, have been built and tested in-situ as read-out ofthe MAGIC teles
ope in La Palma in August 2004.In se
tion 2 the MAGIC experiment is brie
y des
ribed in the 
ontext of the data a
quisition (DAQ)system using ultra-fast FADCs. The spe
i�
ations of the ultra-fast read-out are des
ribed in se
tion3, followed by the measured performan
e for the MUX-FADC prototype in laboratory tests (se
tion4) and as read-out of the MAGIC teles
ope (se
tion 5). Se
tion 6 is dedi
ated to dis
ussions and
on
lusions. Finally, se
tion 7 gives an outlook to the planned �nal setup of the MUX-FADC systemas a read-out of the MAGIC teles
ope.2 Prin
iple and Signal Pro
essing of the MAGIC Teles
opeSin
e the details of the MAGIC teles
ope are des
ribed elsewhere [4℄, only items relevant to the FADCsystem are presented in this se
tion. Figure 1 shows the working prin
iple of MAGIC. A high energygamma ray entering the earth's atmosphere initiates a shower 
as
ade of ele
trons and positrons.These radiate Cherenkov light, whi
h is 
olle
ted by the mirror and fo
ussed onto the PMT 
ameraof the MAGIC teles
ope. The main ba
kground originates from mu
h more frequent showers indu
ed
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Figure 1: IACT prin
iple: A 
osmi
 high energy gamma ray penetrates the earths atmosphereand initiates a shower 
as
ade of ele
trons and positrons, whi
h radiate Cherenkov light. Thislight is 
olle
ted and fo
ussed onto the 
amera providing an image of the air shower. Pi
turetaken from [5℄.Monte Carlo (MC) based simulations predi
t di�erent time stru
tures for gamma and hadron indu
edshower images as well as for images of single muons. The timing information is therefor expe
tedto improve the separation of gamma events from the ba
kground events. Figure 2 shows the meanamplitude (a, 
) and time (b, d) pro�les for gamma (
, d) and hadron (a, b) indu
ed air showers. Theimpa
t parameter is �xed to 120 m and the initial gamma energy is set to 100 GeV, while the protonenergy is set to 200 GeV. The pro�les are obtained by averaging over many simulated showers [6℄.The timing stru
ture of the image 
an provide viable information about the head and the tail of theshower as well as a dis
riminant between gamma and hadron indu
ed showers.The MAGIC read-out 
hain, in
luding the PMT 
amera, the analog-opti
al link, the majority triggerlogi
 and FADCs, is s
hemati
ally shown in �gure 3. The used PMTs provide a very fast responseto the input light signal. The response of the PMTs to sub-ns input light pulses shows a FWHM of1.0 - 1.2 ns and rise and fall times of 600 and 700 ps 
orrespondingly [7℄. By modulating verti
al
avity surfa
e emitting laser (VCSEL) diodes in amplitude the ultra fast analogue signals from thePMTs are transferred via 162m long, multimode graded index 50/125 �m diameter opti
al �bers tothe 
ounting house [8℄. After transforming the light ba
k to an ele
tri
al signal, the original PMTpulse has a FWHM of about 2.2 ns and rise and fall times of about 1ns.In order to sample this pulse shape with the used 300 MSamples/s FADC system, the pulse is stret
hedto a FWHM > 6 ns (the original pulse is folded with a stret
hing fun
tion of 6ns). This implies alonger integration of LONS and thus the performan
e of the teles
ope on the analysis level is degraded.Be
ause the 
urrent MAGIC FADCs have a resolution of 8 bit only, the signals are split into twobran
hes with a fa
tor of 10 di�erent gains. One bran
h is delayed by 55 ns and then both bran
hesare multiplexed and 
onse
utively read-out by one FADC. The FADC system 
an be read out with amaximum sustained rate of 1 kHz. A 512 kbytes FIFO memory allows short-time trigger rates of up
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Figure 2: Mean amplitude (a, 
) and time (b, d) pro�les for gamma (
, d) and hadron (a, b)indu
ed air showers from MC simulations. The impa
t parameter is �xed to 120 m and theinitial energy of the gamma is set to 100 GeV, while the proton energy is set to 200 GeV. Thepro�les are obtained by averaging over many simulated showers [6℄. The timing stru
ture ofthe image 
an provide viable information about the head and the tail of the shower as well asa dis
riminant between gamma and hadron indu
ed showers.
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Figure 3: Current MAGIC read-out s
heme: the analog PMT signals are transferred via ananalog opti
al link to the 
ounting house where after the trigger de
ision the signals are digitizedby using a 300 MHz FADCs system and written to the hard disk of a DAQ PC.to 50 kHz.



3 The Ultra Fast Fiber-Opti
 MUX-FADC Data A
quisition System 63 The Ultra Fast Fiber-Opti
 MUX-FADC Data A
quisition Sys-temThe MAGIC 
ollaboration intends to improve the performan
e of its teles
ope by installing a fast � 2GSamples/s FADC system whi
h fully exploits the intrinsi
 time stru
tures of the Cherenkov lightpulses. The requirements for su
h a system are the following:� 10 bit resolution at a 2 GSamples/s sampling rate� � 500 MHz bandwidth of the ele
troni
s 
hain in
luding the FADC� up to 1 kHz sustained event trigger rate� dead time � 5%.3.1 General MUX-Prin
ipleIt is interesting to note that in experiments where FADCs are used to read-out a multi
hannel dete
torin the 
ommon event trigger mode, only a tiny fra
tion of the FADC memory depth is o

upied bythe signal while the rest is e�e
tively \empty" [9, 10℄. One 
an try to 
orre
t this \ineÆ
ien
y of use"by \pa
king" the signals of many 
hannels sequentially in time into a single FADC 
hannel, i.e. bymultiplexing.Following this general idea a multiplexing system with �ber-opti
 delays has been developed for theMAGIC teles
ope. The blo
k diagram is shown in �gure 4.The ultrafast �ber-opti
 multiplexer 
onsistsof three main 
omponents:� �ber-opti
 delays and splitters� multiplexer ele
troni
s: fast swit
hes and 
ontrollers� ultra fast FADCs.After the analog opti
al link between the MAGIC PMT 
amera and the 
ounting house the opti
alsignals are split into two parts. One part of the split signal is used as an input to the trigger logi
.The other part is used for FADC measurements after passing through a �ber-opti
 delay line of a
hannel-spe
i�
 length.The multiplexer ele
troni
s operate in the following way: The 
ommon trigger from the majority logi
unit opens the swit
h of the �rst 
hannel and allows the analog signal to pass through and be digitizedby the FADC. All the other swit
hes are 
losed during this time. When the digitization window forthe �rst 
hannel is over the 
orresponding swit
h is 
losed. The 
losed swit
h strongly attenuates thesignal transmission by more than 50 dB for the fast MAGIC signals. Then the swit
h number twois opened su
h that the a

ordingly delayed analog signal from the se
ond 
hannel is digitized andso forth, one 
hannel at a time until the last one is measured. In this way one \pa
ks" signals fromdi�erent 
hannels in a time sequen
e whi
h 
an be digitized by a single FADC 
hannel.Be
ause of the �nite rise and fall times of the gate signals for the swit
hes and be
ause of some pi
k-up noise from the swit
h one has to allow for some swit
hing time between the digitization of two
onse
utive 
hannels. The gating time for ea
h 
hannel has been set to 40 ns, of whi
h the �rst andlast 5 ns are a�e
ted by the swit
hing pro
ess.For the use in MAGIC a 16 ! 1 multiplexing ratio has been 
hosen. 16 
hannels are read-out by asingle ultra fast FADC 
hannel. The 
hosen multiplexing ratio is a 
ompromise between
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hemati
 diagram of the multiplexed �ber-opti
 ultra fast FADC read-out. Partof the analog signal that arrives via the �ber-opti
 link from the PMT 
amera is bran
hed ofand fed into a majority trigger logi
. The other part of the signals is 
onse
utively delayedin opti
al �bers. One 
hannel after the other is 
onne
ted to the ultra fast FADC using fastswit
hes. Thereby the noise from the other 
hannels is eÆ
iently blo
ked.� Dead time: The digitization of one event takes 16*40 ns=640 ns. During this time no otherevent 
an be re
orded. Compared to the maximum sustained trigger rate of up to 1 kHz thisdead time is a

eptable.� Noise due to 
ross-talk through the 
losed swit
hes: The attenuated noise of the other 
hannels
ould in
uen
e the a
tive signal 
hannel.� Cost of the FADCs� Me
hani
al 
onstraints, e.g. board size, wire length.3.2 Opti
al Delays and SplittersOpti
al �bers have been 
hosen for the analog signal transmission between the PMT 
amera and the
ounting house be
ause they are lightweight, 
ompa
t, immune to ele
tro-magneti
 pi
k-up noise andprovide no pulse dispersion and attenuation [8℄. The signal attenuation at 1 km �ber length is about2.3 dB for the 
hosen 850 nm wavelength of the VCSELs. The analog signal transmission o�ers adynami
 range larger than 60 dB.Using �ber-opti
 delays ultra-fast analog signals 
an be delayed by several hundreds of ns. Thus a largenumber of su

essively delayed signals 
an be multiplexed and read out by a single 
hannel FADC.Part of the analog signal has to be split o� before the delay lines in order to initiate the 
oin
iden
etrigger. Therefore �ber-opti
 splitters of type 1! 2 of a spe
i�ed ratio are used.Figure 5 shows a module 
ontaining two opti
al delay lines of 142 m and 150 m length, 
orrespondingto a delay of 710 ns and 750 ns. Figure 6 shows a module of four GRIN-type �ber-opti
 splitterswith 50:50 splitting ratio (for a te
hni
al des
ription see [11℄). The modules have standardized outer



3.2 Opti
al Delays and Splitters 8dimensions and 
an be assembled in 3U hight 19" 
rates. The splitters and opti
al delay lines are
ommer
ially available from the 
ompany Sa
hsenkabel [12℄.

Figure 5: Two 
hannel �ber-opti
 delay module of 142 and 150 m length, 
orresponding to adelay of 710 and 750 ns, respe
tively. Me
hani
al dimensions: 235 mm * 130 mm (3U) * 35mm (7HP).

Figure 6: Four 
hannel �ber-opti
 splitter module, GRIN te
hnology and 50:50 splitting ratio.The outer dimensions are: 235 mm * 130 mm (3U) * 35 mm (7HP).



3.3 MUX Ele
troni
s 93.3 MUX Ele
troni
sThe multiplexer ele
troni
s 
onsist of four stages. The �rst stage is a �ber opti
 re
eiver, where thesignals from the opti
al delay lines are 
onverted ba
k to ele
tri
al pulses using PIN diodes. In ase
ond stage, part of the ele
tri
al signal is bran
hed o� and transferred to a monitor output. Thethird stage 
onsists of ultra fast swit
hes whi
h are a
tivated one at a time. In the last stage all 16
hannels are summed to one output. The multiplexed signals are then transferred via 50 
 
oaxial
ables to the FADC 
hannels. Table 1 summarizes the spe
i�
ations of the multiplexer ele
troni
s.Me
hani
al size 370 mm (9 U) * 220 mm * 30 mm (6 HP)Number of 
hannels 16Analog input via 50/125 �m graded index �ber, E2000 
onne
torGain 50, in
luding the VCSEL transmitterDynami
 range max output amplitude: 1 VPower supplies +12 V, �5 VPower dissipation 20 WTrigger input LVDSTable 1: Spe
i�
ations of the ele
troni
s for analog signal multiplexing.One multiplexer module 
onsists of one 6 layer motherboard and 16 double layer swit
hboards, whi
hare plugged into the motherboard via multiple pin 
onne
tors. Figure 7 shows a photo of the printed
ir
uit MUX motherboard with 16 mounted daughter swit
hboards.

Figure 7: Photo of the printed 
ir
uit board for analogue signal multiplexing: It 
onsists of atrigger input, 16 opto-ele
tri
 
onverters, 16 monitor signal outputs, the Digital Swit
h Control
ir
uit (DSC), 16 daughter swit
h boards and two summing stages. The overall size is 370 mm(9 U) * 220 mm * 30 mm (6 HP). { pi
ture to be updated, latest produ
tion prototype, bla
kba
kground {The motherboard in
ludes the following 
omponents:



3.3 MUX Ele
troni
s 10� 16 opto-ele
tri
al 
onverters� 16 monitor outputs� the Digital Swit
h Control 
ir
uit (DSC)� trigger input to a
tivate the DSC� 16 ultra-fast swit
hes on 16 swit
hboards� the 16 
hannel summing stage.One opto-ele
tri
al 
onverter 
onsists of a re
epta
le, a PIN photo diode, pa
ked in the E2000-
onne
tor. The photodiode is biased by 12 V to redu
e its intrinsi
 
apa
ity for speed and noiseoptimization. The 
urrent signal of the PIN photo diode is 
onverted into an equivalent voltage signalby a transimpedan
e-ampli�er. Its ampli�er-IC has a gain-bandwidth produ
t of about 1.5 GHz and avery high slew rate of about 4000 V/�s. The trans-impedan
e is 1000 
. A monitor output 
onsists ofan ultra-wide band (UWB)-driver-ampli�er, whi
h transmits the signal from the transimpedan
e-stageto a 50 
-SMA-
onne
tor.

Figure 8: Cir
uit diagram of the Digital Swit
h Control 
ir
uit (DSC): The trigger initiates asequen
e of 16 PECL high levels of 40 ns duration applied 
onse
utively to the swit
h boards.Figure 8 shows the 
ir
uit diagram of the Digital Swit
h Control 
ir
uit, DSC. It 
onsists of thefollowing parts:� One 
lo
k generator-IC. It is programmable with a resolution of 12 bit from 50 MHz to 800 MHzand works in PECL mode. It is 
rystal stabilized and set to 800 MHz.



3.3 MUX Ele
troni
s 11� A digital delay line (DDL) that 
an be set from 2 ns to 10 ns with 11 bit a

ura
y. It 
an beused to adjust the trigger times between di�erent MUX motherboards.� A digital lo
k-in-
ir
uit (DLC) syn
hronizes the MUX-sequen
e to the trigger signal. The lo
k-injitter is 1.25 ns (= 1=800 MHz).� 16 di�erential PECL-drivers that transmit the MUX-sequen
e signals to the 
orrespondingswit
hboards.Ea
h swit
hboard in
ludes two ultra-wideband (UWB)-ampli�er 
ir
uits, followed by two ns-swit
hingMOSFETs operated in series and one UWB-driver-ampli�er-
ir
uit. MOSFET swit
hes have been
hosen due to their fast swit
hing properties and a very fast stabilization of the signal baseline afterthe swit
hing. The small 
ross-talk through the 
losed swit
h is further redu
ed by the serial operationof two swit
hes. An on-board PECL to CMOS 
onverter distributes the digital swit
h-
ontrol-
ir
uit(DSC)-signal to the MOSFET-swit
hes in parallel. Figure 9 shows a photo of the swit
h board, whileits 
ir
uit diagram is shown in �gure 10.

Figure 9: The printed 
ir
uit board for fast swit
hing. The swit
h board 
ontains two ns-MOSFET-swit
hes operated in series. Its me
hani
al dimensions are 80 mm * 20 mm *5 mm.{ pi
ture to be updated, latest produ
tion prototype {In a passive summation the swit
h output 
apa
itan
es would sum up and signi�
antly widen thesignal pulse. To get rid of this e�e
t a two step a
tive summation has been 
hosen: In the �rst step,the outputs of four 
hannels are summed together. In the se
ond step the obtained four outputsare summed to one. For the summing also UWB-ampli�ers are used. The two-step-setup keeps the
hannel-wires short and allows to use the ampli�ers in the faster inverting mode while keeping thesignal polarity non-inverting. Finally, an UWB-driver sends the multiplexed signals over a 50 
-SMA-
oaxial 
onne
tion to the FADC. The 
ir
uit diagram of the summation stage is shown in �gure11.
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Figure 10: S
hemati
s of the fast swit
hes: A high PECL level from the Digital Swit
h Control
ir
uit opens both of the ns-MOSFET swit
hes operated in series.

Figure 11: S
hemati
s of the two step summing stage of the multiplexed signals. The two-step-setup keeps the 
hannel-wires short and allows to use the UWB-ampli�ers in the fasterinverting mode while keeping the signal polarity non-inverting.3.4 FADC Read-OutThe FADCs are 
ommer
ial produ
ts manufa
tured by the 
ompany A
qiris (DC 282) [13℄. Theyfeature a 10 bit amplitude resolution, a bandwidth of 700 MHz, a sampling speed of 2 GSamples/sand an input voltage range of 1 V. Ea
h FADC board 
ontains 4 
hannels. The read-out data arestored in a RAM on the FADC board of 256 kSamples (512 kbytes) size per 
hannel. Up to 4 FADCboards 
an be arranged in one 
ompa
t PCI 
rate and are read-out by a 
rate 
ontroller PC running



4 Performan
e of the System Components 13under Linux. The FADCs are designed for a 66 MHz 64 bit data transfer via the 
ompa
t PCI bus.The FADC features a trigger time interpolator TDC that 
an be used to 
orre
t for a potential triggerjitter of 500 ps due to the asyn
hronous FADC 
lo
k with respe
t to the trigger de
ision. Table 2summarizes the spe
i�
ations of the ultra-fast FADCs.Me
hani
al size 267 mm (6 U) * 220 mm * 30 mm (6 HP)Number of 
hannels 4Analog input 1 V full s
ale, adjustable o�setSampling frequen
y 2 GSamples/sSampling resolution 10 bitsRAM size 256 kSamples (512 kbytes) per 
hannelBandwidth 700 MHzNoise level < 1:2 LSB guaranteedPower dissipation 60 W (4 
hannels)Trigger input unipolar, adjustable thresholdTable 2: Spe
i�
ations of the ultra-fast FADC.4 Performan
e of the System ComponentsThe performan
e of the MUX-FADC system 
omponents has been studied in extensive laboratorytests. The quality and performan
e of the FADCs and of di�erent 
ommer
ially available opti
alsplitters and delays have been evaluated. Several iterations of the multiplexer ele
troni
s design havebeen made.4.1 Performan
e of the Opti
al Delays and SplittersThe �ber opti
 delay lines have 
hannel spe
i�
 delay times of 0...15 times 40 ns plus 500 ns 
ommonbase delay. Deviations from the spe
i�ed delay times and potential 
hanges in the delay due totemperature variations are important. It has to be ensured that all signals arrive in time at themultiplexer ele
troni
s when a given swit
h is open.Figure 12 shows the distribution of the di�eren
es between the measured delay times and the nominal
hannel spe
i�
 ones. On average the measured delay lengths 
oin
ide with the nominal ones with anRMS deviation of about 2 ns.For the sele
ted wavelength of the VCSEL diodes of 850 nm the attenuation of the signals in theused graded index �ber is only about 3 dB/km. Nevertheless there are small di�eren
es in the dis-persion of the signals due to the di�erent delay lengths from 
hannel to 
hannel. Figure 13 showsthe signal attenuation as a fun
tion of the measured delay length. The signal attenuation 
oeÆ
ientA = 20 log10(S0=S)dB=�t, where S0 is the signal before the delay and S the signal after the �ber-opti
delay of delay time �t, is determined to be:A = (1:8 � 0:1) dB=�s : (1)Di�erent te
hnologies of �ber-opti
 splitters are available on the market. Three splitting te
hnologieshave been tested: fused splitters, bifur
ation splitters and so 
alled GRIN-splitters. In the fused
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Figure 12: Distribution of the measured deviations of the �ber delay times from the spe
i�ed
hannel spe
i�
 delay of 0...15 ns plus 
ommon base delay. { �gure to be updated with theresults of 600 delays {
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Figure 13: Signal Attenuation in the opti
al delay lines. The signal attenuation 
oeÆ
ient isdetermined to be (1:8� 0:1) dB/�s.te
hnology two opti
al �bers are drilled and then thermally fused together. In bifur
ation splittersthe end fa
es of the two output �bers are me
hani
ally atta
hed to the end fa
e of the input �ber. InGRIN-type splitters the splitting is done by a semi-transparent mirror in 
onjun
tion with two gradedindex lenses [11℄.The splitting ratio is guaranteed to be 50:50 within �3 % by the manufa
turer. All tested splittershave been found to be insensitive with respe
t to time and temperature 
hanges.



4.2 Performan
e of the MUX Ele
troni
s 15The MAGIC opti
al link uses multimode VCSELs and multimode opti
al �bers. Me
hani
al stress ordeformations of the input �ber into the splitter, espe
ially due to teles
ope movements, 
an vary thelight modes in the �ber. The expe
ted movements of the �bers have been simulated in the laboratoryby bending the �bers using di�erent bending radii. The fused and bifur
ation �ber opti
 splittersshow 
hanges in the splitting ratio of more than �10 %. Only the so 
alled GRIN type splitters areimmune against mode 
hanges, with 
hanges of the splitting ratio of less than 1% for them.Figure 14 shows the distribution of the measured deviations of the �ber-opti
 splitters from the spe
-i�ed 50:50 splitting ratio. The distribution is 
entered around zero and has an RMS of about 1.5%.
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Figure 14: Distribution of the measured deviations of the GRIN-type �ber-opti
 splitters fromthe spe
i�ed 50:50 splitting ratio. { �gure to be updated with the results of all 352 GRIN-splitters {4.2 Performan
e of the MUX Ele
troni
sThe MUX ele
troni
s have been extensively tested in the laboratory. For the use as a read-out forMAGIC the following points are very important:� short swit
hing noise and 
at signal base-line� high bandwidth (low pulse dispersion in amplitude and time)� strong signal attenuation for 
losed swit
hes� good linearity and large dynami
 range� stability.Figure 15 shows a photo re
orded with a fast os
illos
ope of two 
onse
utively multiplexed signalsalong with the swit
hing noise between two 
hannels. Although the swit
hing noise is as large as 100
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Figure 15: Os
illos
ope photo of two 
onse
utive multiplexed signals and the baseline of twoempty signal gates.mV, it is very stable and 
on�ned to less than 10 ns of the 40 ns window per read-out 
hannel. In therest of the window the baseline is 
at and stable.The swit
hing and summing stages only moderately widen the fast input pulses. A pulse of about2.5 ns FWHM after the re
eiver photo diode is widened to 2.7 ns FWHM at the output of themultiplexer ele
troni
s. The pass-through of su
h fast signals through 
losed swit
hes is less than0.5% 
orresponding to an attenuation of the out of time noise by about 50 dB.Figure 16a shows the 
ombined linearity of the swit
hes and of the summing stage. The output signalamplitude of the MUX-board is plotted as a fun
tion of the input signal amplitude after the PIN-Diode, as measured at the monitor output. The right panel of the �gure shows the deviations fromlinearity of the MUX-ele
troni
s. For output signals up to 1 V the MUX-ele
troni
s is linear withdeviations less than 2%.4.3 FADC Performan
eThe main performan
e parameters of the FADC are� noise level� linearity and bandwidth� maximum trigger and a
quisition rate� dead time.A noise level of less than 1.2 least signi�
ant bits (LSBs) is guaranteed by the manufa
turer (700MHz bandwidth, no input ampli�er). There are small but 
onstant di�eren
es in the input voltagefull s
ales and thus in the gain for di�erent FADC 
hannels. These 
an be 
orre
ted for by the o�ine
alibration software. The FADCs feature an internal 
alibration system keeping their integral anddi�erential non-linearity below one LSB.



4.3 FADC Performan
e 17

input voltage [a.u.]
0 0.2 0.4 0.6 0.8 1

input voltage [a.u.]
0 0.2 0.4 0.6 0.8 1

o
u

tp
u

t 
vo

lt
ag

e 
[V

]

0

0.5

1

1.5

2

2.5

3

3.5

4
a)

input voltage [a.u.]
0 0.2 0.4 0.6 0.8 1

input voltage [a.u.]
0 0.2 0.4 0.6 0.8 1

(o
u

tp
u

t 
- 

fi
t)

 / 
fi

t

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1
b)

Figure 16: a) Output signal amplitude of the MUX board as a fun
tion of the input signal afterthe PIN diode as measured at the monitor output. b) Residua of the linearity of the MUXboard as a fun
tion of the input signal after the PIN re
eiver diode as measured at the monitoroutput. The deviations are less than 2%. { plots to be updated, last produ
tion prototype ofthe MUX board, 3dB steps, log s
ale {For the maximum trigger rate and the dead time optimization the interplay between the FADC boardsand the 
rate 
ontroller PC is important. The 
ompa
t PCI bus allows an e�e
tive data throughputof 80-100 Mbytes/s (33 MHz, 32 bit) up to about 400 Mbytes/s (66 MHz, 64 bit) shared between allFADC 
hannels in one 
rate.In ea
h event 2560 samples are a
quired per FADC 
hannel (16 
hannels of 40 ns gate time, 2 GSam-ples/s and 2 bytes per sample for the 10 bit resolution FADC). Reading out 8 FADC 
hannels with one
rate 
ontroller board results in a data volume of about 20 kbytes/event, whi
h has to be transferredvia the 
PCI bus.The ultra-fast FADC o�ers three modes of data a
quisition:� single a
quisition� segmented memory� asyn
hronous a
quisitions using a FIFO memory.In the single a
quisition mode the digitizer a
quires one waveform of N = 1280 samples. The 
rate
ontroller CPU then uses dire
t-to-memory a

ess (DMA) to the FADC RAM and reads the FADCdata via the 
PCI bus. Thereafter the CPU rearms the trigger for the next data a
quisition. Theread-out time T1 per event and per FADC 
hannel in the 
rate is given by the sum of the DMAoverhead time, OvhdDMA � 25�s and the data transfer time over the 
PCI bus [13℄:T1 = OvhdDMA +N � 2bytes �Xfr : (2)



5 Prototype Test in the MAGIC Teles
ope on La Palma 18Xfr = 10ns=byte or 2:5ns=byte is the data throughput of the 
PCI bus for the 32 bit, 33 MHz or 64bit, 66 MHz operation, respe
tively. The trigger rearm time is � 25�s. For 8 FADC 
hannels per
rate this amounts to a dead time of � 300�s between ea
h two events in in the 64 bit, 66 MHz 
ase.In the segmented memory mode the available digitizer memory is divided into several segments, ea
hwith the length of N sampling points. Ea
h segment is used as a 
ir
ular bu�er. After the triggerthe digitizer a
quires the N sampling points with the �rst data point being anywhere in the 
ir
ularbu�er. After this the data are written to the next 
ir
ular bu�er and the trigger is re-armed for thenext a
quisition. The dead time between two events is as short as � 25ns. This pro
ess is repeateduntil all segments are �lled. Only then the CPU reads the data from the digitizer using a single DMA.The total read-out time for M segments is :T2a = OvhdDMA + (N + Extra) � 2bytes �Xfr ; (3)where Extra � 200 denotes the number of \overhead" data points per segment. After the DMA isterminated the CPU must 
opy the data from the FADC memory image to a �nal linear bu�er forea
h segment. For M segments this requires a time of:T2b =M �Ovhdbuf +M �N � Cpy : (4)where Ovhdbuf = (1 : : : 2)�s is the 
ir
ular bu�er analysis overhead time per segment. Cpy =(2 : : : 4)ns/byte is the time to 
opy a byte in the FADC RAM. For 8 FADC 
hannels per 
rate and100 segments this amounts to a total dead time of � 16ms.The use of the on-board memory of the FADC as a FIFO o�ers an e�e
tive redu
tion of dead timethrough an asyn
hronous writing of FADC samples data to the FADC memory and transfer to the
rate 
ontroller PC. It is planned to use the FIFO memory mode as a standard read-out for the FADCmultiplexer.5 Prototype Test in the MAGIC Teles
ope on La PalmaTwo prototype MUX-FADC read-out modules for 32 
hannels have been tested as a read-out of theMAGIC teles
ope during two weeks in August/September 2004.The main goals for the tests were:� test of 
on
ept of the ultra-fast MUX-FADCs under realisti
 
onditions� study the interplay of the MUX-FADC system with the MAGIC trigger and data a
quisitionsystem� implement the re
onstru
tion and 
alibration for the ultra-fast digitized signals in the 
ommonMAGIC software framework Mars [14℄� provide input for detailed MC simulations for the ultra-fast digitization.



5.1 Setup of the Prototype Test 195.1 Setup of the Prototype TestTwo MUX boards of 16 
hannels ea
h have been integrated into the MAGIC read-out system allowingthe simultaneous data taking with the 
urrent 300 MSamples/s read-out and the MUX-FADC proto-type read-out. Figure 17 shows in a blo
k diagram how the MUX-FADC prototype read-out systemhas been integrated into the 
urrent MAGIC FADC read-out. The analog opti
al signals arriving fromthe MAGIC PMT 
amera are split into two equal parts using �ber opti
 splitters. One part of theopti
al signal is 
onne
ted to the 
urrent MAGIC re
eiver boards whi
h provides output signals to theMAGIC majority trigger logi
 [15℄ and to the 
urrent 300 MSamples/s FADCs. The other part of theopti
al signal is delayed by a 
hannel spe
i�
 delay of 0...15 times 40 ns plus 
ommon base delay anddire
ted to the opti
al re
eivers on the MUX boards. The 
ommon MAGIC trigger is used to triggerthe MUX boards as well as the fast FADCs.
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Figure 17: Blo
k diagram of the integration of the MUX-FADC prototype read-out in the
urrent MAGIC FADC read-out. Shower images are simultaneously re
orded with the ultra-fast MUX-FADC system and with the 
urrent MAGIC FADCs. The MAGIC trigger logi
provides a trigger for the MUX ele
troni
s as well as for the ultra-fast FADCs.Figure 18 shows the group of 32 sele
ted 
hannels of the MAGIC PMT 
amera [4℄ to be read out bythe ultra-fast digitizing system. The 
hannels are 
hosen to be 
lose pa
ked in order to 
ontain (atleast partially) images of showers. In the test 16 bifur
ation and 16 GRIN type splitters were used.In order to a
quire only events where the shower image is lo
ated in the 32 MUX-FADC 
hannels,only these 
hannels were enabled in the MAGIC trigger system. The trigger �res if the signal in atleast four 
lose pa
ked pixels ex
eeds the preset threshold.In the prototype tests on La Palma an older version of the ultra-fast FADC has been used, the A
qirisDC240. It features a sampling speed of 2 GSamples/s with an 8 bit resolution. It was 
onne
ted viaa PCI bridge to a host PC running under Windows.For every trigger 1300 FADC samples (16 times 80 samples plus 20 extra samples) were re
ordedwith both of the used multiplexed FADC 
hannels. An FADC memory of 120 segments was used. Inthe host PC the data were written into a binary �le. This setup was 
hosen for simpli
ity and not
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Figure 18: Lo
ation of the sele
ted 32 
hannels in the MAGIC PMT 
amera.optimized for the smallest dead time in a 
ontinuous data taking mode. Nevertheless the dead timebetween two of the 120 
onse
utively re
orded events in the segmented mode was negligible.5.2 Data takenThe tests of the MUX-FADC system have been 
arried out around the full moon time. In totalabout 230000 triggers have been taken with the MUX-FADC read-out system (in
luding pedestalsand 
alibration LED light pulses). Table 3 summarizes the amount of data taken with and withoutthe presen
e of moon light.trigger type 
urrent FADC read-out MUX-FADC read-outpedestals, no moon 500 26400pedestals, moon 5000 13210
alibration, no moon 47000 96000
alibration, moon 91000 70420
osmi
s, no moon 500 8040
osmi
s, moon 0 16800total 144000 230870Table 3: Overview of the data taken during the MUX-FADC prototype test in the MAGICteles
ope at La Palma.5.3 Data analysisEa
h data �le 
ontains 120 events of two ultra-fast FADC 
hannels with 1300 re
orded FADC samplesper event. The re
orded raw data are 
onverted into the usual ROOT-based MAGIC raw data format[14℄, whi
h provides the 
exibility to adjust the number of re
orded samples for ea
h pixel.



5.3 Data analysis 215.3.1 Signal Re
onstru
tionFor ea
h event the signals of 16 PMTs of the MAGIC 
amera are sequentially digitized by one FADC
hannel. As an example, �gure 19 shows the raw data for 120 superimposed randomly triggeredpedestal events. Between two 
onse
utive 
hannels the swit
h noise is visible. The swit
h noise ispresent in less than 10 ns of the re
orded 40 ns time interval per read-out 
hannel.For 
alibration purposes the MAGIC PMT 
amera 
an be uniformly illuminated by a fast LED lightpulser lo
ated in the 
enter of the teles
ope dish [16℄. Figure 20 shows the raw data of 16 
onse
utivelyread-out 
hannels for 120 superimposed 
alibration events. The 
alibration signal pulses are 
learlyvisible on the signal baseline. The gain di�eren
e from 
hannel to 
hannel is mainly due to a spreadin the gain of the VCSEL and re
eiver diodes of the analog opti
al link. The additional spread due tosmall di�eren
es in the �ber opti
 splitters and a signal attenuation in the delay lines is small.
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Figure 19: Pedestals: Raw data (1300 samples for 16 
onse
utive 
hannels) for 120 randomlytriggered events overlayed.For ea
h 
hannel the pedestal level and pedestal RMS are 
al
ulated from either a pedestal run withrandom triggers or dire
tly from the data. For the pedestal 
al
ulation a �xed number of FADCsamples at a �xed position in the digitization window is used.For the signal re
onstru
tion a �xed number of FADC samples is integrated. The integration intervalis 
hosen to be 4 FADC samples (
orresponding to 4*3.33 ns = 13.33 ns) for the 
urrent MAGICFADCs. For the MUX-FADCs a window size of 10 FADC samples is 
hosen, 
orresponding to a 5 nsintegration window. The re
onstru
ted signal S is then given by:S = i=i0+3(9)Xi=i0 Si ; (5)where Si is the i-th FADC sample after the trigger. The signal arrival time relative to the �rst FADCsample after the trigger, tarrival, is re
onstru
ted as the �rst moment of the FADC time samples usedto 
al
ulate the re
onstru
ted signal:
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Figure 20: Calibration events: Raw data (1300 samples for 16 
onse
utive 
hannels) for 120LED light pulses overlayed.
tarrival = Pi=i0+3(9)i=i0 Si(ti � ti0)Pi=i0+3(9)i=i0 Si : (6)5.3.2 CalibrationThe 
alibration system of the MAGIC teles
ope 
onsists of intensity 
ontrolled fast LED light pulsersof di�erent 
olors and intensities that illuminate the MAGIC 
amera homogeneously [16℄. Usingthe laboratory measured ex
ess noise fa
tor of the MAGIC PMTs the 
onversion 
onstant betweenre
onstru
ted signals in FADC 
ounts and photo ele
trons 
an be determined. The 
ommon MAGIC
alibration algorithms and software were su

essfully applied to the ultra-fast digitization.Figure 21 shows the distribution of the mean number of photo ele
trons per pixel re
onstru
tedwith the 
urrent 300 MSamples/s FADC system and the MUX-FADC system. The MAGIC 
amerawas illuminated with UV 
alibration pulses. As expe
ted, the mean re
onstru
ted number of photoele
trons is the same for the 32 split 
hannels used in the MUX-FADC tests as for all the other MAGICread-out 
hannels.Small di�eren
es in the 
able length of the MAGIC analog opti
al link, the �ber opti
 delays andtransition times in the PMTs introdu
e arrival time di�eren
es between of the pulses in di�erentread-out 
hannels of up to a few ns. These relative 
hannel to 
hannel time di�eren
es 
an also be
alibrated using the LED pulser. One 
an determine the mean time di�eren
e between all pixels withrespe
t to a referen
e pixel. In the 
alibration pro
edure of the 
osmi
s events this timing di�eren
eis 
orre
ted for.Moreover, the event to event variation of the timing di�eren
e between two read-out 
hannels forthe LED pulser provides a measure of the timing a

ura
y. Figure 22 shows the distributions ofthe determined timing resolution of the 
urrent 300 MSamples/s FADCs together with the timingresolution of the MUX-FADCs. The timing a

ura
y strongly depends on the signal to noise ratio.
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Figure 21: Distributions of the mean re
onstru
ted number of photo ele
trons in the PMTsof the MAGIC 
amera from the LED pulser for the 
urrent 300 MSamples/s FADCs and theMUX-FADCs. Both read-out systems yield the same average number of photo ele
trons.The MUX-FADCs yield a better timing resolution by more than a fa
tor of three 
ompared to the
urrent FADC system.
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Figure 22: Distributions of the timing resolution for the 
urrent 300 MSamples/s FADC read-out and the MUX-FADC read-out. The MUX-FADC system yields an improvement in thetiming resolution by more than a fa
tor of three.



5.3 Data analysis 245.3.3 Cosmi
s DataCosmi
s shower data have been re
orded to study in detail the interplay of the ultra-fast MUX-FADCsystem with the MAGIC trigger logi
. It also provides valueable input for the MAGIC MC simulationsof the ultra-fast digitization system, e.g. about the pulse shapes for 
osmi
s events.In �gure 23a one 
an see the pulse shape in a single pixel for a typi
al 
osmi
s event. By overlayingthe re
orded FADC samples of many events after adjusting to the same arrival time, the averagere
onstru
ted pulse shapes 
an be 
al
ulated. Figure 23b shows the 
omparison of the average re-
onstru
ted pulse shapes re
orded with the 
urrent 300 MSamples/s MAGIC FADCs, in
luding the6ns pulse stret
hing, and with the MUX-FADCs. The average re
onstru
ted pulse shape for 
osmi
sevents has a FWHM of about 6.3 ns for the 
urrent FADC system and a FWHM of about 3.2 ns forthe MUX-FADC system.
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Figure 23: a) Pulse shape in a single pixel for a typi
al 
osmi
s event after pedestal subtra
tion.b) Comparison between the mean re
onstru
ted pulse shapes re
orded with the 
urrent MAGICFADCs (red triangles) and with the MUX-FADCs (blue 
ir
les).Figure 24a shows a MAGIC PMT 
amera display with the re
onstru
ted signal after 
alibration inphoto ele
trons for a typi
al 
osmi
s event. For the same event �gure 24b shows the re
onstru
tedarrival time after 
orre
tion for the 
annel-to-
hannel time di�eren
es.5.3.4 Pedestals / NoiseIn the IACT re
orded data the ele
troni
s noise together with the LONS 
u
tuations is superimposedon the Cherenkov signal from showers. The noise from the LONS 
an be simulated as the superpositionof the dete
tor response to single photo ele
trons arriving at a given rate randomly distributed in time.This 
an be quanti�ed using the noise auto
orrelation fun
tion Bij, the 
orrelation between the read-out samples i and j: Bij = hbibji � hbiihbji ; (7)
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Figure 24: a) Re
onstru
ted signal in photo ele
trons in the MAGIC PMT 
amera display andb) 
alibrated arrival times in ns in the MAGIC 
amera display for a typi
al 
osmi
s event.where bi and bj are the FADC samples i and j for a pedestal event.Figure 25 shows the noise auto
orrelation for the 
urrent MAGIC FADC system and the MUX-FADCsystem with open 
amera, normalized to the pedestal RMS. In the same plot, the noise auto
orrelationfor the MUX-FADC system with 
losed 
amera, normalized to the pedestal RMS for an open 
amera,is shown. The noise auto
orrelation of the 
urrent FADC system extends to several ns sin
e the pulseis stret
hed by 6 ns. For the MUX-FADC system with no intentional pulse shaping there is still a
onsiderable noise auto
orrelation for an open 
amera. A substantial part of the noise is due to thePMT response to the LONS. The noise auto
orrelation mostly disappears in 
ase of a 
losed 
amerawith ele
troni
s noise only.Figure 26 shows the distributions of the mean noise after 
alibration in photo ele
trons for the 
urrentFADC system and for the MUX-FADC system. The shorter integration time used for the pulsere
onstru
tion with the MUX-FADC system yields a redu
tion of the e�e
tive integrated noise byabout 40%. This shall allow us to redu
e the analysis energy threshold for Cherenkov images.Using the new MUX-FADC system the noise 
ontributions due to the LONS may even be resolvedinto individual pulses. Figure 27 shows a typi
al example for the signals in a pedestal event (randomtriggers). The pedestal does not vary in an un
orrelated way. Instead most of the pedestal variationsare due to \bumps" on the signal baseline.The rate of the bumps has been studied to varify whether it is 
ompatible with the rate of LONS photoele
trons. A window of 6 sli
es is slid over the FADC samples of randomly triggered pedestal events.The �rst window position after the swit
h noise where the sum of the FADC samples ex
eeds thepedestal level by at least 3 FADC 
ounts was 
hosen. Figure 28a shows the arrival time distributionof the �rst noise \bump". The distribution 
an be �t by an exponential fun
tion with a rate r ofr = (0:13 � 0:01)ns�1 : (8)This 
orresponds to an integrated noise of about 1.3 photo ele
trons per 10 ns integration window,
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Figure 25: Noise auto
orrelation fun
tion with respe
t to a �xed FADC sample for the 
urrentMAGIC readout 
hain with 6 ns pulse shaping, the MUX-FADC read-out with open 
ameraand 
losed 
amera, normalized to the pedestal RMS of the opened 
amera.
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Figure 26: Distributions of the integrated noise in the signal re
onstru
tion window after 
al-ibration into photo ele
trons for the 
urrent 300 MSamples/s FADC read-out and using theMUX-FADC read-out.whi
h is in good agreement with the expe
ted LONS rate.Figure 28b shows the pulse shape of the sele
ted noise \bumps" averaged over many events. The mean
harge of the noise \bump" 
orresponds within errors to the mean 
harge for a single photo ele
tron.Due to the amplitude resolution of 8 bit in the test setup it is still quite diÆ
ult to resolve the singlephoto ele
trons due to the LONS. With the higher resolution of 10 bit with the full MUX-FADC
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Figure 27: Time stru
ture in a typi
al pedestal event. The bumps on the baseline might bedue to single photo ele
trons from the light of the night sky.system even a 
ontinuous 
alibration of the read-out 
hains using the single photo ele
trons shall bepossible.
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Figure 28: a) Arrival time distribution of the �rst \bump" on the pedestal baseline. The bumpsare arriving randomly in time with a rate of (0:13� 0:01)ns�1. b) Average re
onstru
ted shapeof the LONS noise \bumps".5.3.5 MC SimulationsThe response of the MAGIC teles
ope to gamma ray showers and to ba
kground has been simulatedin detail [17℄. Both the 
urrently used 300 MSamples/s readout 
hain and the ultra-fast digitization
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ussion 28have been simulated.Figure 29 shows the re
onstru
ted single photo ele
tron spe
trum of a simulated pedestal run. Thehighest integral of 8 FADC sli
es (4 ns) has been sear
hed for in a �xed 20 sli
es (10 ns) digitizationwindow. The left peak 
orresponds to and ele
troni
s noise only. The right part of the distribution
orresponds to the response of the PMT to one or more photo ele
trons.
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Figure 29: Re
onstru
ted single photo ele
tron spe
trum of a simulated pedestal run. The leftpeak is the pedestal.In �gures 30 the signal and arrival time resolutions whi
h 
an be a
hieved with the 
urrent and theMUX-FADC system are 
ompared using MC simulations. For both MC simulations the same night skyba
kground 
onditions are assumed as well as the same ele
troni
s noise level. Figure 30a shows theresolution of the re
onstru
ted pulse arrival time as a fun
tion of the input signal. The MUX-FADCsystem improves the timing resolution by more than a fa
tor of 3. This is 
ompatible to the resultsin the data. Figure 30b shows the resolution of the re
onstru
ted 
harge as a fun
tion of the input
harge. With the MUX-FADC system the 
harge resolution improves by a fa
tor of two.6 Dis
ussionThe ultra-fast �ber-opti
 multiplexed FADC prototype read-out system has su

essfully been testedduring normal observations of the MAGIC teles
ope in La Palma. The �ber-opti
 splitters and delaysare 
ommer
ially available and 
omply with the required spe
i�
ations for the use in the ultra-fastMUX-FADC read-out system. The 10 bit 2 GSamples/s FADCs from A
qiris are developed for MAGICand available now as a 
ommer
ial produ
t. Thus the ultra-fast FADC read-out has grown to a maturete
hnology whi
h is ready for the use as a standard read-out system of the MAGIC teles
ope and otherhigh-speed data a
quisition appli
ations.The multiplexing of 16 
hannels into one ultra fast FADC allows one to greatly redu
e the pri
e of anultra-fast read-out system. The MUX-FADC read-out redu
es the 
osts by about 85% 
ompared tousing one ultra-fast FADC 
hannel per read-out 
hannel. Also the power 
onsumption of the read-outsystem is greatly redu
ed.
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Figure 30: a) Comparison of the pulse arrival time resolution as a fun
tion of the input signalsize between the 
urrent MAGIC 300 MSamples/s FADCs and the 2 GSamples/s FADCs. Thetime resolution improves by more than a fa
tor of 3 with the new system. b) Comparison ofthe signal resolution as a fun
tion of the input signal with the 
urrent 300 MSamples/s MAGICFADCs and the 2 GSamples/s FADCs system. The signal resolution improves by a fa
tor ofabout two.Through the use of a smaller integration window of the Cherenkov pulses less noise due to 
u
tuationsof the LONS is integrated. For the used integration windows of 13.33 ns for the 
urrent MAGIC FADCsystem and 5 ns for the MUX-FADC system this 
orresponds to a redu
tion in noise of about 40%.Thus the image quality of the Cherenkov showers will improve with the ultra-fast read-out system.This will allow the redu
tion of the analysis energy threshold of the MAGIC teles
ope.Moreover the ultra-fast FADC system provides a greatly improved resolution of the timing stru
tureof the shower images. As indi
ated by MC simulations gamma showers, 
osmi
 ray showers and theso 
alled single muon events have di�erent timing stru
tures. Thus the ultra-fast FADC read-out 
anenhan
e the separation power of gamma showers from ba
kgrounds.7 Outlook: Magi
II MUX-FADC read-outAfter the su

essful prototype test of the ultra-fast MUX FADC read-out system it is 
onsidered as afuture read-out option of the MAGIC teles
ope. Figure 31 shows the proposed me
hani
al arrangementof the full MUX-FADC read-out system for the MAGIC teles
ope. It 
onsists of 7 ra
ks:� one DAQ and data storage ra
k� one ra
k for the trigger logi
, use of the 
urrent MAGIC trigger ele
troni
s� one trigger re
eiver ra
k, use of the 
urrent MAGIC re
eiver boards with adjustable dis
riminatorthresholds� four ra
ks 
ontaining the opti
al splitters and delays, the MUX ele
troni
s and the FADCs.
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Figure 31: Me
hani
al Arrangement of the MUX-FADC read-out system.Only the 325 inner-most pixels of the MAGIC PMT 
amera are used for the majority trigger logi
[15℄. Thus only for these 
hannels part of the analog opti
al signal has to be split o� before the delay�ber to initiate the trigger de
ision.A possible setup of the DAQ system 
onsists of 5 FADC 
rates with fast 
rate 
ontroller PCs whi
hare 
onne
ted via Gbit/s Ethernet with a host PC. In the host PC the FADC data 
orresponding toone event are merged together and some auxiliary data like an a

urate event time information areadded. The host PC 
ontrols a fast RAID system for data storage.The high trigger rate in 
onjun
tion with the large read-out data per event represents a 
hallenge forthe DAQ system. For ea
h event 80 samples per 2 bytes have to be read-out. For 600 
hannels thisamounts to a total event size of about 96 kbytes per event. Assuming a maximum maintained triggerrate of 1 kHz this 
orresponds to a data rate of nearly 100 Mbytes/s or 2 to 3 TByte per night.To redu
e the data amount it is planned to 
ut out part of the data whi
h is a�e
ted by the MUX-swit
hing on the 
rate 
ontroller level. A further data redu
tion is planned after the event buildingon the host PC through a software 
ompression. As the data storage spa
e on the RAID is limitedthe data has to be transferred to tapes during the non-observation times.The implementation of the ultra-fast digitized data into the 
ommon MAGIC software framework andMC simulations will provide a minimum transition time from the 
urrent MAGIC FADC read-outsystem to the ultra-fast MUX-FADC read-out system.A A
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