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The Spe
trometer System for MeasuringZEUS Luminosity at HERAM. Helbi
h, Y. Ning, S. Paganis, Z. Ren, W.B. S
hmidke, F. S
iulliNevis Laboratories, Columbia University, Irvington on Hudson, New YorkU. S
hneeklothDeuts
hes Elektronen-Syn
hrotron DESY, Hamburg, GermanyC. B�uttner, A. Caldwell, J. SutiakMax-Plan
k-Institut f�ur Physik, M�un
hen, GermanyAbstra
tThe upgrade of the HERA a

elerator has provided mu
h in
reased 
ollider lumi-nosity. In turn, the improvements have ne
essitated a new design for the ZEUSluminosity measurements. The intense syn
hrotron radiation �eld, as well as thehigh probability of a bremsstrahlung photon in ea
h bun
h 
rossing, posed new ex-perimental 
onstraints. In this report, we des
ribe how these 
hallenges were metwith the ZEUS luminosity spe
trometer system. The design, testing and 
ommis-sioning of the devi
e are des
ribed, and the results from the initial operationalexperien
e are reported.1 Introdu
tionZEUS is one of two dete
tors a

umulating data from ele
tron-proton beam
ollisions at the HERA a

elerator operated by the DESY laboratory in Ham-burg, Germany. Analyses of su
h data have provided quantitative values of
ross se
tions and derivative information related to the proton's quark andgluon 
ontent, Quantum Chromodynami
s, and other issues relevant to theStandard Model and beyond. In September 2000, HERA 
ompleted an eightyear running period (HERA-I), whi
h provided measurements of deep inelasti
s
attering (DIS), photoprodu
tion, and other pro
esses in a newly a

essiblekinemati
 regime. HERA underwent a luminosity upgrade in 2001 [1℄. Thegoal was to in
rease the HERA-I peak luminosity by a fa
tor of 5. In additionPreprint submitted to NIM in Physi
s Resear
h, Se
tion A 16 De
ember 2005



to the a

elerator modi�
ations ne
essary to a
hieve this, spin rotators wereinstalled to provide ele
tron beam longitudinal polarization of about 40% onaverage. A new physi
s program (HERA-II) began in 2002 to make a

uratemeasurements of small 
ross se
tions with polarized beams.Pre
ise knowledge of the luminosity is required for pre
ise determination ofa 
ross se
tion asso
iated with any pro
ess; su
h measurements depend onluminosity integrated over time, R Ldt, to normalize the numbers of eventsobserved during the same time period. Luminosity had been measured [2,3,4℄in HERA-I using the rate of high energy photons from the bremsstrahlungpro
ess, ep ! ep
, produ
ed by the 
olliding beams. This pro
ess is well un-derstood, has a high rate and an a

urately 
al
ulable 
ross se
tion. Produ
edphotons follow the dire
tion of the 
olliding beam ele
trons and are observedabout 100 m downstream, after the ele
tron and proton beams have beenmagneti
ally separated. The ZEUS HERA-I te
hnique, with a 
alorimeter todire
tly measure all bremsstrahlung photons fa
es new diÆ
ulties at HERA-II,in
luding the following:� A signi�
ant in
rease in dire
t syn
hrotron radiation (SR) 
ux from theele
tron beam o

urs due to the higher beam 
urrents and to a new beamfo
using s
heme to optimize high luminosity near the intera
tion region.� Mu
h larger numbers of overlaid bremsstrahlung events (pile-up) o

ur.Colliding bun
hes produ
ing more than one photon are not separated in the
alorimeter te
hnique. HERA-II luminosity implies a signi�
ant probability(approa
hing unity) for several �nal state photons with E
 > 0:5 GeV inea
h bun
h-
rossing.� There are additional requirements for a

urate 
ross se
tions using polarizedbeam ele
trons (or positrons).The HERA beams ea
h 
onsist of 220 bun
hes separated by 96 ns. A fewbun
hes are un�lled; the empty bun
hes are used for monitoring purposes andthey are also needed for the proton beam abort system, and the unpairedbun
hes are used to measure small ba
kgrounds resulting from the ele
tronor proton beam intera
ting with residual gas near the interse
tion region. Af-ter a

eleration, the polarization of the ele
tron beam [5℄ rises from P = 0to P = 50% over a period of about � � 40 minutes and the beam polar-ization might be di�erent for ea
h bun
h. Therefore, the luminosity must bemeasured a

urately for ea
h bun
h over time intervals mu
h less than � . Inaddition, a fast luminosity measurement is essential for obtaining 
ollisions,and monitoring and optimizing luminosity during a �ll.The required a

ura
y in the luminosity measurement for HERA-II is � 2%,whi
h is similar to the most a

urate luminosity measurement a
hieved atHERA-I. The luminosity spe
trometer des
ribed in this paper utilizes a newmethod of measuring luminosity at ZEUS whi
h addresses the new problems2



of syn
hrotron 
ux, pile-up, and other requirements, while meeting the spe
i-�
ations for luminosity a

ura
y required by ZEUS physi
s goals.In the spe
trometer system, the bremsstrahlung photons are dete
ted throughtheir well understood pair 
onversion, 
 ! e+ + e�, in material of a beam-pipe exit window well downstream of the intera
tion region where these pho-tons have been spatially separated from the 
ir
ulating beams. After the 
on-verted ele
tron pair 1 has been spatially split by the magneti
 �eld of a dipolemagnet, the parti
les are individually dete
ted by two small ele
tromagneti

alorimeters pla
ed at transverse distan
es separated from the dire
t syn-
hrotron radiation and un
onverted bremsstrahlung beams. The observed rateof 
onverted photons is proportional to the luminosity, as des
ribed in Se
. 4.This setup redu
es dramati
ally the requirements on data rate for the spe
-trometer 
alorimeters, sin
e the primary photon beam bypasses them and themagnet insures that the large 
ux of low energy ele
trons from syn
hrotronphoton 
onversions in material upstream of the magnet are swept away fromthe dete
tors. Due to the small 
onversion fra
tion (� 10%) in the windowand the limited a

epted energy range, the pile-up problem is redu
ed by twoorders of magnitude, so that multiple observed photons 
onstitute only a fewper
ent of the rate even at the highest luminosities expe
ted for HERA-II.With the relaxed rate requirements on the spe
trometer 
alorimeters, theirdesign 
an be sophisti
ated enough to simultaneously provide relatively pre-
ise measurements of the 
onverted ele
tron energies and positions | in turngiving similarly pre
ise information for the bremsstrahlung photon. The re-dundan
y and pre
ision of the measurements provide important assuran
e onmany aspe
ts of the a

eptan
e whi
h must be known a

urately with thiste
hnique. In general, the te
hnique is simple and a

urate, and works well athigh luminosities.The stru
ture of this paper is as follows: in Se
. 2 are presented the details ofthe design of the luminosity spe
trometer, in
luding the 
alorimeter modulesand a brief des
ription of the data a
quisition system. The dete
tor 
alibrationin a momentum analyzed ele
tron test beam, and the re
onstru
tion of photonproperties from the 
alorimeter measurements are des
ribed in Se
. 3. Themethod of 
al
ulating the luminosity is des
ribed in Se
. 4, and the in situ
alibration and operating performan
e during the �rst months of HERA-IIoperation are presented in Se
. 5.1 In this paper, "ele
tron" is meant to spe
ify both ele
tron or positron. Note that,aside from the dire
tion of bend in the �eld, their intera
tions are identi
al at theseenergies. 3



2 Spe
trometer design and 
omponentsA s
hemati
 layout of the spe
trometer system is shown in Fig. 1. The 
o-ordinate system is de�ned with the positive z-axis along the photon beamdire
tion, y pointing upwards and x along the line away from the 
enter ofthe HERA ring. Here we des
ribe ea
h 
omponent in the order en
ounteredby a photon, beginning at the exit window of the photon beam pipe, throughthe 
ollimators, magnet, and the 
alorimeters. Relevant aspe
ts of the dataa
quisition system are also des
ribed.
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0mFig. 1. S
hemati
 showing major elements of the luminosity spe
trometer. Notethe very di�erent s
ales for transverse and beam dire
tions, and note that the exitwindow is 92.5 m downstream of the ep nominal intera
tion point. The origin forthe transverse 
oordinates (x, y) was 
hosen at the 
enter of the exit window.The bremsstrahlung photons from the interse
tion region travel through along va
uum pipe terminating at an exit window, at 92 m from the nominalinterse
tion point (IP). Upstream of the window inside the va
uum 
hamber(not shown in Fig. 1) are various aperture restri
tions su
h as 
ollimators,magnets, and other apparatus. Figure 2 shows the pi
ture of a foil sensitiveto syn
hrotron radiation, whi
h was lo
ated in the beamline near the frontfa
e of the 
alorimeters. The foil 
learly indi
ates the aperture delimited byupstream obsta
les. For s
ale, the maximum horizontal extent of the apertureis 9 
m. The maximum verti
al limits are representative of the 7 
m apertureof the �xed 
ollimator.The window, at the upstream end of the spe
trometer system, terminates theva
uum so that the remainder of the dete
tion system is in air. Approximately10% of the photons 
onvert into e+e� pairs in the window. The typi
al energyof photons of interest is about 20 GeV. The distributions in x and y photonimpa
t positions at the window within the a

eptan
e region re
e
t primarilythe angular divergen
e of the primary beam ele
trons as they 
ollide in theupstream ZEUS intera
tion region. 4



Fig. 2. Foil irradiated by syn
hrotron radiation. It was lo
ated near the front fa
eof the 
alorimeters. The e�e
ts of aperture restri
tions between the IP and the foilare 
learly visible.The 
onverted ele
tron pairs that su

essfully traverse subsequent 
ollimators
losely follow the original photon dire
tion, until they en
ounter the magneti
dipole where they are split verti
ally. The magneti
 �eld is su
h that a typ-i
al 10 GeV ele
tron (positron) will then travel in the �y dire
tions with averti
al angle of about 10�2 rad, and en
ounter the 
alorimeters, whose verti-
al midpoints are displa
ed approximately �10 
m from the in
ident photonbeam. The 
alorimeter modules permit measurements of the ele
trons' x andy positions with resolution of about 1.0 mm, and energies with resolutionof about 5% at 10 GeV. Calibrations in an ele
tron test beam (des
ribed inSe
. 3) and in operation with the spe
trometer (des
ribed in Se
. 5) verifythese 
alorimeter measurement pre
isions.Events with ele
trons dete
ted in both 
alorimeter modules are used to re
on-stru
t the original photon's energy and transverse 
oordinates. The measured
oin
iden
e rate permits 
al
ulation of luminosity, as des
ribed in Se
. 4. Thebremsstrahlung position distributions, while relevant to luminosity 
al
ula-tions, also provide a diagnosti
 of the intera
tion region for HERA operation.The lo
ations of the di�erent spe
trometer elements were obtained from opti-
al survey and veri�ed with beam data. Transverse distan
es are known to apre
ision of order 1 mm while the dimensions along the dire
tion of the beamare known with a pre
ision of better than 1 
m. These a

ura
ies satisfy therequirements for the luminosity measurement.2.1 Exit windowThe 
omposition of the exit window is shown in Tab. 1:5



Material Per
ent by WeightAluminum 85.3Sili
on 10.9Iron 0.3Copper 2.7Magnesium 0.3Table 1Components of the exit window, as measured by mass spe
tros
opy.The diameter of the window is 100 mm. The window thi
kness was measuredat several positions; the average thi
kness was 9:883 � 0:003 mm with anRMS of 0.0054 mm, implying at least that level of uniformity. The fra
tionof 
onverted photons in the window is therefore also uniform over the surfa
eof the window. The variation in the 
ross se
tion for photon energies between5 GeV and 20 GeV is � 1% [6℄; within the narrower energy window usedfor luminosity measurements, the energy dependen
e is very small and wellsimulated.The radiation length of the exit window alloy is X0 = 8:23 
m, whi
h meansthat the exit window itself represents 0:12X0, so that about 8:8% of interestingphotons 
onvert in the window. Converted ele
trons traveling through thematerial may subsequently radiate and lose a fra
tion of their energy. Thise�e
t is small, well understood, and simulated a

urately. Also simulated isthe multiple s
attering of 
onverted ele
trons, whi
h leads to typi
al RMSde
e
tions of �x � 2:8 � 10�4 rad and a transverse spread at the 
alorimeterfront surfa
e of � 3:4 mm. The resolution of re
onstru
ted photon 
onversionpositions is dominated by this multiple s
attering of ele
trons in the window.2.2 CollimatorsThe 
ollimators are used to sele
t observed photons within a re
tangular regioninside the transverse dimensions of the va
uum pipe and within the uniform�eld region of the magneti
 �eld.The �xed 
ollimator is a blo
k of stainless steel, 30 
m long, with internalaperture �x�y = 96�70mm2. It shields the 
alorimeters and the magnet fromexposure to dire
t bremsstrahlung or syn
hrotron radiation photons from the
ir
ulating ele
tron beam. However, measurements from syn
hrotron radiationindi
ate that beam elements upstream of the exit window more stringentlylimit the photon aperture, as shown in Fig. 2 and veri�ed with bremsstrahlungmeasurements des
ribed in Se
. 4. 6



The moving (slit) 
ollimator is a 15 
m long, water-
ooled blo
k of 
opper.When inserted, it restri
ts bremsstrahlung photons to pass through a narrow(�x�y = 110� 2mm2) slit 2 . During normal running 
onditions, the moving
ollimator is out of the beam. When inserted it allows pre
ise 
alibration ofthe absolute energy s
ale of the 
alorimeter 
hannels (see Se
. 5).2.3 Dipole magnetThe spe
trometer uses a 60 
m long dipole magnet with a 10 
m horizontalaperture and typi
al �eld strength of Bx � 0:5 T. The bottom of the protonbeam pipe passes only a few 
entimeters above the top of the bremsstrahlungaperture and the e�e
t of the dipole �eld on proton beam operation must beminimal. Hen
e magneti
 shielding is arranged in the vi
inity of the magnetaround the proton beam-pipe. The shielding is a 
ylinder of diameter 85 mm,and 
entered at x = 17 mm, y = 126:7 mm with respe
t to our 
oordinatesystem (and the 
enter of the magnet).
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I=290AFig. 3. The points show data of the magneti
 �eld integrated along the beam di-re
tion as a fun
tion of the dipole ex
itation 
urrent. The magnet is very linear inthe region of normal operation, and only slightly non-linear at the highest 
urrents,where measurements of the bremsstrahlung end point were made.The magneti
 �eld was measured, using a Hall probe, as a fun
tion of positionat several di�erent magnet 
urrents [7℄. The integrated magneti
 �eld in the
entral region versus ex
itation 
urrent, shown in Fig. 3, indi
ates that the�eld is linear over the range of normal operation, and saturates slightly atthe highest ex
itation 
urrents used. The position dependent measurementshave been interpolated using Maxwell's equations supplemented with a Ja-
obi relaxation method to obtain the full and 
ontinuous magneti
 �eld map.2 The height was optimized for high rate while maintaining small edge e�e
ts.7



This map was implemented in the simulation program. The systemati
 er-rors have been estimated using the OPERA program [8,9℄; the di�eren
es areshown in Fig. 4 over a region whi
h en
ompasses the full transverse aperture.Un
ertainties thus estimated were typi
ally less than 1% throughout the a
-
eptan
e region en
ompassed within 96�70 mm, with an average un
ertaintyless than 0:5% near the region of highest 
ux. Therefore, the magneti
 �eldis well understood and 
reates an even smaller un
ertainty on the pre
ision ofthe luminosity measurement.
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Fig. 4. The di�eren
e between the measured integrated magneti
 �eld at nominaldipole operating 
urrent, and the integrated �eld �tted by the OPERA program asa fun
tion of transverse positions.2.4 CalorimetersThe two 
alorimetermodules were originally 
onstru
ted as \Beampipe 
alorime-ters" (BPCs) in ZEUS to measure DIS pro
esses at very low values of Q2 [10℄.They were designed to measure positions and energies of ele
trons near theHERA beam energy (27.5 GeV). The original des
ription of their 
onstru
-tion 
an be found in [11,12℄. For this appli
ation, one module was rebuilt inorder to �t within the spa
e 
onstraints. The main parameters are listed inthe Tab. 2 and the relevant properties and 
hanges are elaborated here.Both BPC modules are segmented tungsten-s
intillator sampling 
alorimeters,permitting simultaneous measurement of the ele
tron's energy and transverseposition of impa
t. The passive layers 
ontain 26 plates of 3.5 mm thi
k tung-sten alloy. These 24 ele
tromagneti
 radiation lengths (X0) are more than ad-equate for longitudinal 
ontainment in this appli
ation. The a
tive elements
onsist of s
intillator �ngers, alternating after ea
h plate in the x and y dire
-tions, ea
h �nger 7.9 mm wide and 2.6 mm thi
k. One end of ea
h �nger isaluminized to provide an eÆ
ient end re
e
tor. Ea
h s
intillator is opti
ally8



Calorimeter Spe
i�
ationsDepth 24X0Moliere radius 13mmEnergy resolution (sto
hasti
 term) 17%pEEnergy s
ale 
alibration pre
ision 0:5%Energy uniformity 0:5%Linearity � 1%Position resolution < 1 mmTable 2Physi
al 
hara
teristi
s of the 
alorimeter modules.de
oupled from its neighbors by a wrapping of 27:5 �m aluminum foil. Thenet e�e
tive width of ea
h �nger, in
luding wrapping and air gaps, is 8.0 mm.The other end of ea
h s
intillator �nger rests against a wavelength shifting(WLS) bar 7 mm wide and 2 mm thi
k. The s
intillator �ngers oriented inalternate layers, in the longitudinal dire
tion, are observed with one WLS barrepresenting a single readout 
hannel. Ea
h bar is viewed by a photomultiplier(PMT) from the rear. The WLS is aluminized at the front end to redu
eattenuation e�e
ts. To 
ompensate for remaining attenuation in the WLSbars, they were wrapped in re
e
tive 
orre
tion masks to ensure longitudinallyuniform response from ea
h s
intillator lo
ated along the length of a bar. Thegeometry of some WLS bars required redesign for this appli
ation; they werebent and pointed toward the new lo
ations of the Hamamatsu R5600U-03PMTs [13℄.Ea
h module has 16 
hannels for x-position re
onstru
tion. For the y-position,the lower module has 15 
hannels and the upper 11 
hannels, re
e
ting limita-tions imposed by the small separation between the photon beam and the pro-ton beam pipe. The 84 mm transverse separation of the modules is maintainedby rigid brass bars. Sin
e the 
alorimeter 
ontainment vessels in
orporate 5mm of tungsten on surfa
es adja
ent to the beam, the net transverse distan
ebetween inner s
intillators of the two modules is 94 mm. These positions andthe traje
tories of ele
trons after traversal of the magneti
 �eld are dis
ussedmore fully in Se
. 3.In order to prote
t the 
alorimeters from radiation due to s
attered syn-
hrotron radiation, the un
onstrained sides and rear were shielded by bri
ksand sheets made of lead. Also, a thin (5 mm) sheet of lead was pla
ed infront of the modules. A system of light emitting diodes (LEDs) provides fastlight pulses to all PMTs of a module simultaneously under remote 
ommand.This system permits the relative PMT gains to be monitored for short term9




hanges. The LED system also provided an independent monitor of deadtimee�e
ts.The relative 
hannel-to-
hannel gains were initially set using test beam ele
-trons, des
ribed in Se
. 3. The relative response of ea
h 
hannel was monitoredin situ with 
alibration runs as des
ribed in Se
. 5. The 
alibration runs wereimportant, espe
ially during early running when unstable beam operation 
re-ated 
hanges in 
hannel-to-
hannel response. (These were found to primarilyarise from irradiation of WLSs near the PMTs.) Changes were monitored and
ompensated to maintain the relative gains of all readout 
hannels within amodule as well as the relative average gains of the two modules.2.5 Data A
quisition SystemOne important 
hallenge in this appli
ation is a

urate digitization of the
alorimeter PMT signals, whi
h are separated by the 96 ns HERA bun
hspa
ing. In order to minimize noise, analog pro
essors were lo
ated in theHERA tunnel 
lose to the dete
tors. These ele
troni
s are ina

essible dur-ing normal HERA running. The digital ele
troni
s is a

essible, lo
ated inthe ZEUS main hall about 100 m upstream of the luminosity dete
tors. Thespe
trometer data a
quisition system (DAQ) was designed and 
onstru
ted bythe ZEUS Krakow group [14℄ and DESY ele
troni
s development group, andis 
ommon to the luminosity 
alorimeter system and the 6 meter tagger[15℄.The latter system re
ords the energies of �nal state bremsstrahlung ele
tronswith energies 
omplementary to those a

epted by the spe
trometer.Figure 5 outlines the full system. The digitized signal is used immediatelyin the triggering system and retained for the luminosity 
al
ulation. In moredetail, the readout system 
onsists of the following 
omponents:� The front-end ele
troni
s (FEE) is the analog system of ampli�ers anddrivers used to shape and transmit the analog PMT signals to the digi-tal system.� The digital ele
troni
s in
ludes eight 
ash analog-to-digital 
onverter (FADC)boards, four memory boards (MB), and one trigger board (TB). Ea
h MBperforms operations on the data as well as storage. All are lo
ated in asingle VME 
rate.� A PC, operating under LINUX, for online pro
essing of the data and 
al-
ulation of the ZEUS luminosity.The signal from ea
h PMT is transferred through a 6 m long 
able to the FEE
rates. The FEE amplify and shape these signals and drive them through the135 m long RG213 transmission lines to the digitization units in the ZEUS hall.Additionally, the FEE 
rates ea
h 
ontain driver modules for an LED (input10



Fig. 5. S
hemati
 of the luminosity spe
trometer DAQ system. The 
alorimetersignals are sent to the nearby FEE system. The analog signals then travel to theZEUS hall to be pro
essed by the digital system in a VME 
rate.to the PMT 
athodes) and 
harge-inje
tor to the FEE ampli�ers. These 
an beindependently triggered to test both the PMTs and the remainder of the DAQsystem. The analog signals are integrated with a time 
onstant of 65 ns andsubsequently digitized by 12-bit FADC modules operating at about 10 MHz,syn
hronously with the HERA beam bun
hes. Ea
h FADC board 
onsists ofa pole-zero �lter, whi
h shapes the input analog signal to redu
e the de
aytail. Digitized values from ea
h PMT for ea
h bun
h 
rossing are transferredto the 16-
hannel MBs residing in the same VME 
rate. The MB performs thefollowing operations on ea
h signal:� A subtra
tion is made of the stored digital value from the previous bun
h
rossing to provide a dynami
 pedestal subtra
tion. In the pro
ess, low fre-quen
y noise (
ompared to 10 MHz) is removed. The low rates in all 
han-nels of the spe
trometer ensure few mistakes due to signals in 
onse
utivebun
hes.� Sums are made of all the 
hannels in ea
h dimension of the upper (xup,yup) and lower (xdn, ydn) 
alorimeters, resulting in four energy sums (Eupx ,Eupy , Ednx , Edny ) in ea
h 
rossing 
ontained in the four MBs. These sums areretained with the signals from the individual 
hannels. The sums are alsosent to the TB where they are used for triggering de
isions (data retention)on ea
h beam 
rossing.� Meanwhile the data have been pla
ed in a bu�er to await the trigger de-
ision. For events in whi
h the TB 
ags the event as useful, the data are
opied sequentially to output bu�ers. These bu�ers are read 
ontinuouslyvia VME at a rate up to 10 kHz. 11



The TB, in the VME 
rate with theMBs, 
ommuni
ateswith the MBs througha 
ustom ba
kplane. The programmable TB de
ides when an event satis�esspe
i�ed 
riteria; if so, it sets an ACCEPT signal on the ba
kplane. The
riteria utilize two digital sums: one (Eup) from all the xup and yup 
hannels;the other from the 
orresponding sum (Edn) in the down dete
tor. Only eventsthat pass a nominal threshold value in ea
h of the two dete
tors are passedon for further 
onsideration.If the MB bu�er were to be
ome full, data a
quisition must halt until bu�erspa
e is available. This is a situation requiring deadtime 
orre
tions, whi
hare best minimized. Therefore, at the highest luminosities, a trigger pres
alefa
tor is applied to maintain an average rate well below the maximum triggerrate of 10 kHz. The TB provides 
ounters that re
ord (1) the total numberof HERA bun
hes and (2) the number in whi
h the MB bu�er is not full anda
tive. When the MB bu�er is full and in
oming data must be dis
arded, thea
tive-time 
ounter stops 
ounting. These 
ounter values, sent to the onlinePC ea
h se
ond, provide a 
ontinuous deadtime 
orre
tion for the luminosity
al
ulation and also permit this deadtime to be monitored. The deadtime
orre
tion and the pres
ale fa
tor are independently measured using light testevents by re
ording both the LED signal rate and the rate at whi
h these eventsare re
orded. The pres
ale fa
tor was set to 3 during HERA high luminosityrunning.Data from a

epted events are transferred to output MB bu�ers and sentvia VME bus to the online PC. The information is used to re
onstru
t theenergy and position information for the dete
ted photon, as des
ribed in Se
 3,and is stored in histograms for monitoring purposes. The ZEUS luminosityis 
al
ulated o�ine using histograms and 
ounters saved to tape every 16se
onds, as des
ribed in Se
. 4.3 Calorimeter Re
onstru
tion of Ele
trons and Photons3.1 Re
onstru
ting ele
tron energies and positionsThe fun
tions of the 
alorimeter modules are to measure the energies andtransverse 
oordinates of the two ele
trons, respe
tively in the up (up) anddown (dn) 
alorimeters, using the information re
orded from the PMT 
han-nels asso
iated with the horizontal and verti
al strips. The 
alorimeters wereextensively tested in a DESY-II ele
tron beam at energies up to 6 GeV, priorto installation in the HERA tunnel. Des
ribed here are the algorithms used totransform the 
harges re
orded by the PMTs into the in
ident ele
tron energy(energy 
alibration) and the transverse position 
oordinates, as well as the12



tests performed in the ele
tron test beam. The measurements show that the
alibration pre
ision is more than adequate for the present task. The positionand energy resolutions, leakage e�e
ts, as well as remaining attenuation inthe s
intillator strips were also measured with the test beam. The measuredleakage and attenuation e�e
ts with test beam have been used to 
orre
t theenergy re
onstru
tion of data. Further 
alibration 
he
ks on the modules wereperformed in the spe
trometer 
on�guration, as des
ribed in Se
. 5, in orderto maintain the 
alibration during operation.The preliminary settings of the PMT gains were set using an LED system.Also, by varying the high voltages applied to the PMTs, an empiri
al fun
tionwas obtained providing the relative gain variation with high voltage, indepen-dently for ea
h 
hannel. Additional tests, in
luding absolute 
alibrations, were
arried out in the test beam.The test beam setup lo
ated ea
h module on a movable table, whi
h 
ouldbe translated horizontally and verti
ally by known amounts with a steppingmotor. The ele
tron test beam was fo
used, steered, and momentum de�nedby magneti
 beam elements. Counters 
onstrained the beam to be within atransverse 
ir
le of 3.0 mm diameter. Initially, the module was lo
ated withthe 5.0 GeV beam in
ident near its 
enter. The gains of the PMTs were setto nominal values, and the resulting net 
harge (in ADC 
ounts) from ea
hPMT 
hannel was re
orded for ea
h event as the module was s
anned hori-zontally or verti
ally. Using these s
ans, the PMT gains were then adjusted,by 
hanging the applied voltage a

ording to the empiri
al fun
tions previ-ously measured, so that the peak 
harge was the same for all 
hannels. Thispro
edure 
onverged after a single iteration.Figure 6 shows typi
al data (points) from four adja
ent 
hannels in su
h ahorizontal s
an. The points joined by a 
ontinuous 
urve represent a single
hannel's response. Re
alling that an individual s
intillator width is 8.0 mm,the �gure also illustrates that ele
tron showers typi
ally deposit a substantialfra
tion of their energy in at least two 
hannels, but very little energy is outsidefour 
hannels.By repeating su
h horizontal s
ans at di�erent verti
al positions, any un
om-pensated light attenuation in the s
intillator was measured so its e�e
ts 
ouldbe 
orre
ted during analysis. The overall gains were set so that the total ener-gies for ele
trons in
ident at the midpoint of the module from the horizontaland verti
al 
hannels were equal. From the known beam energy, the 
hargeresponse was 
alibrated dire
tly to the sampled energy as a parameter Si forthe ith 
hannel as Si = energy divided by average re
orded 
harge. Theseparameters were then used to re
onstru
t shower energy as des
ribed below.To minimize noise, only strips near the shower maximum were a
tually used13
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Fig. 6. Responses of four adja
ent 
alorimeter 
hannels while the beam was s
anneda
ross the x-
oordinate. Ea
h 
hannel is represented by a unique symbol.for re
onstru
tion. The energy of the in
ident ele
tron sampled from the x-strip sum isEx = Cxtrans(xe; ye)Cxatt(ye) 4Xx�strips "xi Si; (1)where the sum runs over a 
luster of the four highest energy adja
ent strips; "xiis the 
harge from the ith 
hannel (in ADC 
ounts), Cxtrans(xe; ye) 
orre
ts fortransverse energy leakage (a small e�e
t ex
ept at the edges of the 
alorimeter)and Cxatt(ye) 
orre
ts for the small residual attenuation as measured in the testbeam. The positions (xe; ye) of the shower 
entroid were also obtained fromthe event, as des
ribed below. The measurement of Ey, the energy sample ofthe y-strips, was obtained in a similar manner.The total energy of the ele
tron wasEe = Ex + Ey: (2)The position 
oordinates were 
al
ulated using linear energy-weighted meansover the deposited energy. For the upper 
alorimeter, the internal x-
oordinatefor the shower, xupe , was obtained from 3xupe = Px�stripsXi"xi SiPx�strips "xi Si ; (3)where Xi is the known 
entral lo
ation of the ith 
hannel strip within the3 A logarithm weighted algorithm though slightly more pre
ise was not used herebe
ause it was found to be too time 
onsuming for the online pro
essing, and it isnot well des
ribed by the simulation. 14




alorimeter. Only 
hannels above a threshold energy of 60 MeV were usedfor these sums. The x position in the spe
trometer 
oordinate system for theele
tron in the up dete
tor, is given byxup = xupe +�xup; (4)where �xup is the known alignment o�set relative to the 
oordinate systemof Fig. 1 for this 
alorimeter. The shower y-
oordinate, yup, was obtainedsimilarly.
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onstru
ted PMT 
harge in the 
alorimeter module for sixdi�erent energy settings of the test beam.The re
onstru
ted energy response was measured with di�ering known testbeam energies; the spe
tra for six di�erent energies are shown in Fig. 7 andillustrate that the measurements show the expe
ted results. Figure 8, showingthe mean response as a fun
tion of the beam energy, demonstrates that theresponse is linear up to at least 6 GeV. The intrinsi
 linearity of 
alorimetryand the tested linearity of the ele
troni
s implies linearity for even higherenergies.
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Figure 9 depi
ts the RMS deviation from the mean as a fun
tion of energy:the parameterization indi
ates that in the region of intended measurement,around 9 GeV, the RMS is mainly proportional to the sto
hasti
 pE term,as expe
ted for a sampling 
alorimeter.
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Fig. 9. The RMS spreads of the spe
tra in Fig. 7 as a fun
tion of beam energy. Theresults of a �t to the displayed fun
tion are also shown.3.2 Re
onstru
ting bremsstrahlung energy and positionThe operation of the 
alorimeter modules in the bremsstrahlung beam is dis-
ussed in detail in Se
. 5. We note that, in this geometry where the up and dn
alorimeters measure the two ele
trons, the original photon may be dire
tlyre
onstru
ted from these measurements. The energy of the photon isE
 = Eup + Edn: (5)The transverse x-position of the photon isx
 = 12[xup + xdn℄ (6)and the transverse y-position (bend plane of magnet) isy
 = Eupyup + EdnydnEup + Edn : (7)The energy weighting in the last equation arises be
ause the magnet impartsequal transverse momentum to ea
h ele
tron.16



4 Luminosity Cal
ulationColliding beam luminosity is quantitatively related to the 
ir
ulating beam
urrents and the spatial overlap as they interse
t. By de�nition, the integratedluminosity in the 
ollision region provides the normalization for any 
rossse
tion so that, if Nint events of a spe
i�
 pro
ess are observed during thetime period during whi
h the integrated luminosity is known, then the 
rossse
tion for that pro
ess is� = Nint=Lint; (8)where Lint is typi
ally spe
i�ed in units of inverse pi
obarns pb�1.4.1 Instantaneous and spe
i�
 luminositiesThe instantaneous luminosity (Linst = dLint=dt) is de�ned, for the purposes ofthis paper, to be the luminosity averaged over the period between a

eleratorbun
h 
rossings (96 ns). Sin
e Linst s
ales with the produ
t of the ele
tron (Ie)and proton (Ip) 
urrents, it is 
onvenient to de�ne the spe
i�
 instantaneousluminosityLspe
 = LinstPi I ieI ip ; (9)where the sum in
ludes the 
urrents in all 
olliding bun
hes.4.2 Luminosity MeasurementThe most a

urate method for measuring luminosity is to measure the ratefrom a pro
ess whose 
ross se
tion is large and well known. At HERA, lu-minosity is 
al
ulated from the measured rate, R, of photons 
reated in thebremsstrahlung pro
ess ep ! ep
. The energy spe
trum of bremsstrahlungphotons is a

urately des
ribed by the Bethe-Heitler formula [16℄, shown inFig. 10 as the produ
t of energy and di�erential 
ross se
tion, in millibarns, asa fun
tion of photon energy. Additional 
orre
tions from radiative pro
essesa�e
ting the spe
trum at energies above 5 GeV are well understood and in-
orporated into 
al
ulated 
ross se
tions. The photons of interest here arethose whose 
onverted ele
trons have energies appropriate to enter and trig-ger both 
alorimeter modules. As dis
ussed below, the nominal magneti
 �eld17



Fig. 10. The Born level Bethe-Heitler 
ross se
tion multiplied by E
 . The 
uto� atthe ele
tron beam energy (27.5 GeV) is readily apparent.and geometry are su
h that the photon energies of interest are typi
ally near20 GeV.Luminosity is obtained from the equationLinst = RfA�; (10)where � is the bremsstrahlung 
ross se
tion integrated over the same energyinterval as the measurement of R. The parameter, f , represents the fra
tion ofphotons in the bremsstrahlung beam that 
onvert into ele
tron pairs in the ma-terial upstream of the magnet, primarily in the exit window. The a

eptan
e,A, in
ludes the overall probability (not in
luded in f) for a photon 
reatedat the interse
tion region to be observed as an e+e� pair in the spe
trometer.Impre
ise knowledge of A 
reates the largest un
ertainty in the measurement,as will be dis
ussed in detail below. The a

eptan
e of the luminosity systemdepends primarily on two issues:� obsta
les upstream of the entry to the luminosity system that remove pho-tons from the edges of the bremsstrahlung beam;� the fra
tion of the 
onverted pairs in whi
h both ele
trons are a

epted intothe �du
ial areas of the 
alorimeters.The 
onversion fra
tion and these two 
ontributions to the a

eptan
e will bedis
ussed in turn.4.3 Conversion fra
tion, fThe fra
tion of photons 
onverted into e+e� pairs depends on (a) the absoluteand energy-dependent pair produ
tion 
ross se
tion and (b) the details of the18



Fig. 11. The distribution of the fra
tion of the photon energy 
arried by one of theele
trons after 
onversion.
onversion material in the exit window and the air between the exit windowand the magnet. 4 The materials and thi
kness of the exit window are wellunderstood, and des
ribed in detail in Se
. 2. The total pair produ
tion 
rossse
tion on ea
h nu
leus is largely independent of photon energy and is given togood a

ura
y by a simple formula that depends on the radiation length andother well-understood properties of the 
onverting material. The di�erential
ross se
tion for one ele
tron of the pair to retain a fra
tion, z, of the photonenergy, shown in Fig. 11, is also largely independent of energy.The 
onversion eÆ
ien
y and a

eptan
e used in this analysis were 
al
u-lated using the full GEANT 3.21 simulation. Subsequent propagation andintera
tions of the ele
trons used the fully parameterized magneti
 �eld mapdis
ussed in Se
. 2.4.4 Upstream Obsta
lesThe a

eptan
e in
ludes a 
orre
tion for in
oming photons obs
ured by up-stream obsta
les. The unobs
ured region was delineated in two independentways: (a) the aperture obtained from a foil sensitive to syn
hrotron radia-tion des
ribed in Se
. 2; and (b) measurements of the transverse tails of thebremsstrahlung beam obtained bymoving its 
entroid a
ross the aperture. Thetwo methods agree in detail as shown in Fig. 12, where the sharp 
ontour de-lineates the x� y region indi
ated by illumination of the foil shown in Fig. 2.The ellipti
al 
ontours show regions observed from bremsstrahlung photonsdue to beam 
ollisions at the interse
tion region as the ele
tron beam wassteered through various in
ident angles. The regions from the bremsstrahlungruns in Fig. 12 
an be seen to outline the same aperture as that indi
atedfrom syn
hrotron radiation.4 The gas in the entire va
uum pipe upstream of the exit window is negligible.19



Fig. 12. Probability 
ontours showing densities of observed events as the ele
tronbeam was steered to 
enter the bremsstrahlung beam near the aperture edges. Thedata 
orroborate the aperture (solid 
ontour) obtained using syn
hrotron radiation.With beams steered in their nominal dire
tions, Fig. 13 shows a typi
al mea-surement of the x� y 
ontours due to bremsstrahlung produ
ed by the inter-se
ting beams. Note that the interse
ting beam pro�le has a 
lear ellipti
alshape, wider in the horizontal than the verti
al. The major axis of the el-lipse is seen to be rotated around the beam dire
tion. The detailed shape wasfound to �t orthogonal Gaussians at axes rotated by about 10 degrees to thehorizontal. Typi
al distributions, proje
ted along the orthogonal rotated axes,had standard deviations about 2 
m along the more horizontal axis and 1 
malong the more verti
al axis. The �tted 1D distributions are dis
ussed furtherin Se
. 5.
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al lo
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alorimeter modules.The a

eptan
e 
orre
tion for the photons blo
ked by the upstream aperturetypi
ally amounted to 5 � 10%, depending primarily on the photon beamproperties at the time. 20



4.5 Converted Pairs A

epted into CalorimeterThe spe
trometer a

eptan
e depends on the fra
tion of photons 
onvertedupstream of the magnet for whi
h both ele
trons of the pair enter the 
alorime-ters. This a

eptan
e depends strongly on the distribution in z shown in Fig. 11and on the energy of the intera
ting photons, E
, be
ause of the de
e
tion ofea
h ele
tron by the magneti
 �eld.Most of the a

eptan
e dependen
e on z and E
 
an be understood from ele-mentary arguments. Consider photons traveling along a beam axis transverselylo
ated midway between the 
alorimeter modules with y = 0 5 . Ea
h ele
-tron a
quires the same transverse momentum, in opposite dire
tions, from the�eld traversal: pT = 0:3 R Bxdz, where the integral represents the integratedmagneti
 �eld (in Tm) along the path through the magnet. At the nominalrunning 
urrent (225 A), the value of pT � 0:1 GeV. The de
e
tion of an ele
-tron of momentum p (in GeV/
) in the magneti
 �eld 
an be approximatedas y = `pTp ; (11)where ` is the distan
e from the 
enter of the magnet to the 
alorimeters.Only when the values of y for ea
h ele
tron are su
h that both enter \good"
alorimeter regions are events a

epted. If the fra
tion of the photon energya
quired by the upwardly de
e
ted ele
tron is z = p=E
 , the other ele
trona
quires a fra
tion 1 � z of the photon energy. It follows that z and E
 aredire
tly related to the ele
trons' lo
ations. The lo
ations of the ele
trons inthe upper (yup) and lower (ydn) 
alorimeter modules are related to z and E
as follows:zE
 = `pTyup (1 � z)E
 = `pTydn : (12)The inner and outer y-limits of the �du
ial areas of the two 
alorimeterstherefore delineate limits in the plane of z versus E
 that are a

epted. Thisis illustrated in Fig. 14, where the limits due to the outer and inner y-limitsof the upper and lower 
alorimeter modules de�ne the a

epted region to bethat internal to the 
urves.If all photons arrived with 
oordinate y
 = 0, the a

eptan
e at �xed E
 wouldbe the integral of the fun
tion in Fig. 11 over the a

epted z-range shown5 The a
tual verti
al 
oordinate origin des
ribed here is o�set about 0.5 
m inour system. (See Figs. 1 and 18.) A hypotheti
al simpli�ed 
ase is used here forpedagogi
al reasons. 21
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tions imposed by the range ofa

epted y-positions in the two 
alorimeters for an e+e� 
onversion originatingverti
ally equidistant from the 
alorimeter modules. Only the shaded region has anobserved photon within the �du
ial region of both 
alorimeters whi
h is thereforea

epted.
ross-hat
hed in Fig. 14. This simple a

eptan
e fun
tion is shown as thesolid line in Fig. 15. The result of a more detailed Monte Carlo 
al
ulation forthis beam 
on�guration, the points in the same �gure, shows that this simplemodel gives the major features of the a

eptan
e. Note that the 
oin
iden
erequirement of two ele
trons without any restri
tion on energy provides ana

eptan
e approximating that shown in Fig. 15. This des
ription, as dis
ussedmore fully in Se
. 5, permits luminosity to be measured whi
h only indire
tlydepends on energy 
alibration. At the same time, 
onsistent 
omparisons ofthe relevant data distributions with predi
tions validate the 
alibration.The a
tual a

eptan
e, however, varies slightly from the 
urve shown in Fig. 15be
ause the photon beam's �nite extent in y 
reates 
ompli
ations. Photonsdispla
ed from the beam 
entroid shifts the 
ontours in Fig. 14 by amountsof order 10% for ea
h 
entimeter of y-displa
ement. In addition, though the
alorimeters sample the full transverse range of the transmitted beam, the
orrelations between verti
al beam 
oordinate, photon energy, and a

eptan
erequire that we address the beam properties in the a

eptan
e 
al
ulations.Full a

eptan
e 
al
ulations in
lude the entire spe
trometer setup, the mea-sured beam shape, and the 
omplete shower development in the 
alorimetersas des
ribed in Se
. 5.4.6 Small Corre
tions and Un
ertaintiesThe magnet 
urrent was 
hosen so that, during normal operation, the data
over the 
at part of the bremsstrahlung energy spe
trum in Fig. 10. Thisensures that the sensitivities to energy s
ales and alignments are minimized.Certain additional, small 
orre
tions were in
luded, as des
ribed here.22



 (GeV)γE
10 15 20 25 30

A
cc

ep
ta

n
ce

0

0.1

0.2

0.3
MC Simulation

Calculation

Fig. 15. The solid line represents the fra
tion of 
onversions shown in Fig. 11 inte-grated over the a

epted region of Fig. 14 for an e+e� originating at y = 0. Thepoints result from the Monte Carlo predi
tions for the same 
ase, whi
h in
ludea
tual 
onditions and responses.The measured rate requires 
orre
tion for ba
kgrounds from ele
tron beamintera
tions with the residual gas in the beam pipe. This is determined byutilizing the measured 
oin
iden
e rates 
orresponding to pilot bun
hes withele
trons unpaired with proton bun
hes. For typi
al running 
onditions thise�e
t on the luminosity measurement is � 1%, and the un
ertainty is mu
hless. Proton beam related ba
kgrounds are negligible. Corre
tion for multiplephotons observed in a single bun
h 
rossing is also negligible. The overallpre
ision of the luminosity measurement is dis
ussed more fully in Se
. 55 System OperationLuminosity measurements provided by the spe
trometer system utilize spe
traof the bremsstrahlung photon position and energy from the 
alorimeters. Insitu pro
edures allowed for 
ontinuous validation of the pre
isions for thesequantities. Spe
ifying a

urately (a) the axes of the beam 
oordinate systemrelative to the 
alorimeter modules; and (b) the relative and absolute energymeasurements by the 
alorimeters were ne
essary in 
ir
umstan
es in whi
hthese 
hanged over time. These issues are dis
ussed in turn.5.1 Position MeasurementsThe photon position is derived dire
tly from the measurements of the individ-ual ele
trons as spe
i�ed in Eqns. 6 and 7. Measurements in the two transversedire
tions have somewhat di�erent pre
isions.23



Be
ause ele
trons are de
e
ted by the magneti
 �eld primarily in the verti-
al plane, the horizontal positions in the upper and lower 
alorimeters shouldbe nearly equal. The average (Eqn. 6) is used to estimate the value of x
.Fig. 16 shows the 
omplementary di�eren
e between up and down measure-ments [(xup � xdn)=2℄. The expe
ted mean of this quantity should be nearlyzero and the standard deviation should be similar to the error on x
. The ob-served RMS of about 3 mm is 
lose to the anti
ipated value, and is dominatedby the s
attering of the ele
trons in the exit window. The small o�set of themean is attributed to un
orre
ted verti
al 
omponents of the magneti
 �eldand a small horizontal misalignment of the 
alorimeter modules.
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Fig. 16. Half the di�eren
e between x-
oordinates measured in up and down
alorimeters. This is a dire
t measure of the resolutions on x
 .Figure 17, the spe
trum of re
onstru
ted y
 
oordinates obtained with the2 mm high slit 
ollimator inserted, provides a rough estimate of the RMSfor measurements of y
. Note that this measurement is 
ompromised by the
orrelations with the energy measurement re
e
ted in Eqn. 7, but also by the�nite width of the slit, and by s
attering from the slit edges. Hen
e, the RMSof 7 mm should be 
onsidered an upper limit on the a
tual pre
ision on y
.The edge s
attering also is known to produ
e the tails in the distribution ofFig. 17.Be
ause the 
alibration of the 
alorimeter energy s
ale depends on verti
alalignment, as des
ribed in Se
. 4, a te
hnique for validating the verti
al 
olli-mator axis origin was important. A

omplishing this utilized the fa
t that therates in upper and lower 
alorimeter modules must be equal at equal verti
aldistan
es from the beam 
entroid. Figure 18, the ratio of ele
tron rate in upand down dete
tors while the slit 
ollimator was inserted versus y0, the o�setof the 
ollimator 
entroid, illustrates the determination of the 
orre
t o�set.From the �gure, we see that the o�set of the 
ollimator midpoint was lo
atedat y0 = �0:50 
m. This value is 
onsistent within error with the value takenfrom the opti
al survey, whi
h is y0 = �0:56 
m.24
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Fig. 17. The spe
trum of re
onstru
ted y
 positions with the slit 
ollimator insertedinto the beamline. Note that the mean of the spe
trum is 
onsistent with the o�setof the slit 
ollimator 
entroid.
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Fig. 18. Ratio of single ele
trons observed in the up 
alorimeter (Nup) to that in thedown 
alorimeter (Ndn) as a fun
tion of the assumed o�set of the 
ollimator 
enter(y0).Examples of proje
ted beam pro�les for x
 and y
 are shown in Fig. 19 andFig. 20, respe
tively, on logarithmi
 s
ales. The Monte Carlo simulation (his-togram) reprodu
es the measured data (points) well, even on the tails wherethe rate has fallen signi�
antly. The plots justify the use of single Gaussians �tsto the beam pro�les in the Monte Carlo 
al
ulation providing the a

eptan
e.It is possible for the beam to 
ontinually 
hange mean positions and widthsby small amounts in either dimension. Hen
e measurements of beam pro�lesfor x
 and y
 are re
orded every 16 se
onds 6 , so that 
orre
tions for theupstream aperture restri
tions and beam parameters were made 
ontinuouslyto the luminosity 
al
ulation.6 This sampling time is more than one order of magnitude smaller than the typi
albeam polarization time, and substantially smaller than typi
al 
hanges in the beampro�le. 25
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Fig. 19. The spe
trum of re
onstru
ted x
 positions for a

epted photons shown ona logarithmi
 s
ale. The Monte Carlo predi
tions are shown as the histogram. Notethe high statisti
s of the data, whi
h were 
olle
ted in one 16 se
ond period.
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Fig. 20. The spe
trum of re
onstru
ted y
 positions for a

epted photons shown ona logarithmi
 s
ale. The Monte Carlo predi
tions are shown as the histogram. Notethe high statisti
s of the data, whi
h were 
olle
ted in one 16 se
ond period.5.2 Energy MeasurementsThe individual ele
tron energies, from a bremsstrahlung photon 
onversion,are related to their verti
al displa
ements at the 
alorimeter relative to thephoton position (Eqn. 12). When the slit 
ollimator is inserted, the distan
eof the re
onstru
ted ele
tron from the 
ollimator opening (as determined inSe
. 5.1 and Fig. 18), along with the R Bdz from the �eld map, provide ana

urate measure of the ele
tron energy. Data taken in this 
on�guration wereused to determine the individual 
hannel gains Si in Eqn. 1. Be
ause the posi-tion re
onstru
tion depends weakly on the values of the Si as seen in Eqn. 3,the 
alibration is repeated using the new gains; the pro
edure 
onverges aftera small number of iterations.A 
onsisten
y 
he
k between the 
alibration and magneti
 �eld map was also26



performed. If the 
alorimeter 
alibrations are well understood, ea
h event per-mits an evaluation of both the event y
 and the value of the integrated mag-neti
 �eld traversed by the pair. We de�ne � R Bdz as the integrated �eldmeasured from the ele
tron energies and positions minus the value knownfrom the measured magneti
 �eld map. The distribution in � R Bdz for typi-
al operating 
onditions is shown (data points) in Fig 21, and the histogram ispredi
ted by the Monte Carlo simulation. The RMS width is about 10% of thetypi
al R Bdz � 0:32 Tm, whi
h is 
onsistent with the individual ele
tron en-ergy resolution des
ribed in Se
. 2. The asymmetri
 tail to negative � R Bdzis attributed to the small number (� 1%) of photons 
onverting inside themagnet aperture in 
omparison to those 
onverting in the exit window.
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Fig. 21. The spe
trum obtained from observed e+e� 
onversions for the integrated�eld 
al
ulated from the events' measured energies and positions minus the nominalintegrated �eld. The nominal value is R Bdz � 0:32 Tm.The over
onstraints in the re
onstru
tion were very important and used fre-quently, parti
ularly during early operations when severe ba
kground 
ondi-tions 
aused some deterioration of 
alorimeter response be
ause of radiationdamage to the 
alorimeter WLSs. This issue will be dis
ussed later in thisse
tion.One additional independent 
he
k of the energy s
ale was performed | a testagainst the known 
ir
ulating ele
tron beam energy. By in
reasing the dipolemagneti
 �eld and a
quiring data, a value was empiri
ally determined for theend point of the bremsstrahlung spe
trum with our 
alibrations of 
alorimeterand magnet. The data for one su
h run, after 
orre
tion for a

eptan
e, areshown in Fig. 22. The 
urve shows the Bethe-Heitler spe
trum, multipliedby the photon energy, in the vi
inity of the end point. The points show thedata, 
orre
ted for a

eptan
e. The shaded histogram shows the predi
tedspe
trum for this quantity from the Monte Carlo, with energy adjusted tobest �t the observed data. The adjusted energy is within 1% of the expe
tedvalue, 27.6 GeV, whi
h is the known energy of the ele
tron beam.27
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Fig. 22. The observed spe
trum 
orre
ted for a

eptan
e (multiplied by E
) as afun
tion of E
 for the magnet 
urrent raised so as to observe the spe
trum endpoint. The 
ontinuous 
urve spe
i�es the spe
trum shape predi
ted for a perfe
tdete
tor. The histogram shows the Monte Carlo predi
tion for this dete
tor.5.3 Radiation Compli
ationsUnder operating 
onditions, the most severe unanti
ipated 
ompli
ations arosedue to severe radiation ba
kgrounds in the region of the 
alorimeters. Duringbeam tuning, and even during stable operations, the syn
hrotron radiation inthe region of the 
alorimeters was high, parti
ularly in the s
intillator stripsnear the beamline. The wavelength-shifting light guides in the regions of thePMTs were parti
ularly sus
eptible to radiation damage. Under severe 
ondi-tions, the 
alibrations of some 
hannels would 
hange, and then would laterre
over during periods when the beam was absent. These e�e
ts were dis
ov-ered be
ause of the available over
onstraints that permitted in situ 
alibra-tions. Corre
tions for the radiation damage maintained the s
ale within 5%of the nominal, and was understood well enough to 
orre
t for small trigger-ing threshold e�e
ts. Hen
e, the issue was managed by performing periodi

alibrations and utilizing these to make appropriate 
orre
tions.After diagnosis, the operational e�e
ts of the radiation �eld were redu
ed bymaking physi
al modi�
ations during shutdowns. Additional, well-designedshielding was installed in the a�e
ted regions. In the pro
ess, radiation moni-tors were also installed in order to monitor the severity of the radiation ba
k-grounds and to identify the regions of damage. Su
h monitors proved to beimportant be
ause seemingly small 
hanges in beam 
on�gurations 
ould re-sult in substantially di�erent radiation �elds at the dete
tor. Large 
hangesin beam 
onditions, like swit
hing from 
ir
ulating positron beam to ele
tronbeam, produ
ed even larger e�e
ts. Figure 23 provides a typi
al example ofdata taken with four di�erent radiation monitors versus time. In these �gures,the ele
tron beam rea
hes full energy at 9.0 hours, and the 
ollimator blo
kingthe bremsstrahlung (and syn
hrotron) beam was inserted at 10.7 hours, then28



removed at 11.2 hours. The presen
e of the large radiation �eld is 
learly seento originate from the beamline.
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Fig. 23. Typi
al data from four radiation monitors versus time. Beam a

elerationand 
ollimator insertion are 
learly visible (see text).During early running, when the radiation problem was �rst dis
overed, andwith the hardware trigger level set to a relatively large value, the 
hannelgain drifts be
ause of radiation damage 
ontributed a 2�3% systemati
 erroron the a

eptan
e 
al
ulation be
ause of good events not �ring the hardwaretrigger, as estimated by Monte Carlo simulation. Another problem asso
iatedwith 
hannel gain drifts is the y position measurement of the photon, whi
his related to the energy measurement of ea
h 
alorimeter as shown in Eqn. 7.Subsequently, the error in the a

eptan
e 
al
ulation was redu
ed to a negli-gible level by employing frequent software 
alibrations.5.4 Bremsstrahlung and Pair Produ
tion MeasurementsGood bremsstrahlung photons are sele
ted from ele
tron-positron 
oin
iden
esat the two 
alorimeters in a two-step pro
ess. The �rst stage, employed by thehardware trigger, requires both 
alorimeters to have energy deposits ex
eedinga 
ertain threshold, as mentioned in Se
. 2.5. The small threshold value is
hosen to distinguish real ele
trons from ele
troni
 noise. A

ording to thegeometry setup of the system, the energy spe
trum for ele
trons from pairprodu
tion of the bremsstrahlung photon begins to rise from zero around6 GeV, while the total noise level for the 
alorimeters is lower than 1 GeVunder normal running 
ir
umstan
es. However, sin
e the 
alibration 
onstants29



are only applied later in software, the rising edge of a good ele
tron spe
trum
an have tails, and depends on the hit position be
ause some 
hannels aremore radiation exposed than others. Cutting out the tail with the hardwaretrigger would add error to the luminosity 
al
ulation. The tails were minimizedby periodi
 high-voltage trimming of the dete
tors, and by 
hoosing a smallhardware threshold whi
h is far away from the noise level.For events with signals from both dete
tors a

epted by the hardware trigger,a software sele
tion in
luding the following requirements is applied to bothdete
tors:� the re
onstru
ted energy for ea
h dete
tor must be larger than 3.5 GeV,whi
h guarantees the 
oin
iden
e requirement;� the standard deviation of shower strip positions (obtained using an algo-rithm with linear energy weighting) must be less than 1.0 
m, distinguishingele
tromagneti
 showers from hadroni
 showers;� the largest energy depositions in both x and y dire
tions are not at the edgestrips, guaranteeing good energy and position re
onstru
tion.Also, a requirement on the re
onstru
ted y position in the down dete
tor ele
-tron is imposed to make sure the �du
ial regions for up and down dete
tors aresymmetri
al with respe
t to the y position de�ned by the moving 
ollimator.The 
oin
iden
e sele
tion requirements lower the ba
kground to a negligiblelevel. With the good bremsstrahlung photons sele
ted, the photon physi
squantities (energy, x and y positions) 
an be re
onstru
ted as des
ribed inSe
. 3.2. Below we show some of the important physi
s quantities 
omparedwith Monte Carlo predi
tions.As des
ribed in Se
. 4, one 
riti
al underlying physi
s pro
ess for the lumi-nosity measurement involves the z-distribution re
e
ting the energy sharingin the pair produ
tion pro
ess, shown in Fig. 11. We show in Fig. 24 there
onstru
ted spe
trum under typi
al running 
onditions 
ompared with theMonte Carlo simulation (histogram) in
orporating the a

eptan
e, resolutions,and 
alibrations. The good agreement indi
ates that measurements are wellunderstood and simulated properly.A se
ond 
riti
al pro
ess is the bremsstrahlung 
reation, whose 
ross se
tionis shown in Fig. 10. The distribution of observed photon energies, shown inFig. 25, is 
ompared with the Monte Carlo simulation. Again, the agreementis good and illustrates that the instrument is well understood. Note that thea

eptan
e is zero at the low values of E
 and at both low and high values of z,so that ele
trons of low energy Ee � 3:5 GeV (
orresponding to, for example,z = 0:3 and E
 = 12 GeV) have very low a

eptan
e by virtue of geometryand the magneti
 �eld. In other words, for both E
 and z to be observed withsmall values, the beam y position must be o� 
enter by a large amount, and30
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Fig. 24. An observed z = Eup=E
 spe
trum with the Monte Carlo predi
tion (his-togram).this is 
arefully avoided during normal HERA operation.
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Fig. 25. An observed E
 spe
trum with the Monte Carlo predi
tion (histogram).Note the high statisti
s of data, whi
h were 
olle
ted in one 16 se
ond period.5.5 Measurements of LuminosityThe integrated luminosity is 
al
ulated based on the number of good bremsstrahlungphotons sele
ted as des
ribed in Se
. 5.4. Two important issues in this 
al
u-lation need to be addressed: deadtime and a

eptan
e.For the trigger setting of � 2 GeV at both dete
tors and the pres
ale set to 1,the DAQ system deadtime ranged from about 80% at the start of a HERA �llto 20% at the end. With the typi
al operating pres
ale at 3, the deadtime wasredu
ed by more than a fa
tor of two at the start of �ll and usually droppedto essentially zero later in the �ll. Di�eren
es between results from the twomethods of deadtime estimation mentioned in Se
. 2.5 were smaller than oneper
ent in most 
ases, and 
onsistent with statisti
al 
u
tuations.31



The typi
al data rate under the 
urrent trigger setting and pres
ale fa
tor3 is around 3 kHz. After software sele
tions the data rate drops by about afa
tor of 2. Still, it is neither feasible nor ne
essary to retain an individualdata re
ord for every good bremsstrahlung photon. The following data aresaved every 16 se
onds for both the o�ine luminosity 
al
ulation and beammonitoring purposes:� histograms for x, y positions and energy of the bremsstrahlung photons;� 
ounters for 
oin
iden
es in ea
h HERA bun
h;� 
ounters for total HERA bun
hes during the period;� 
ounters for HERA bun
hes when the DAQ system bu�er is not full (a
tivelyre
eiving data);� 
orrelator between x, y position of bremsstrahlung photons, < x
y
 >.A Geant 3.21 simulation of the entire spe
trometer system is used in the o�inea

eptan
e 
al
ulation. This simulation in
orporates the measured aperture,exit window, dipole and dete
tors. Additional 
onversions in air are simulated,as is s
attering of the e� in the window and air.First, the beam ellipse tilt is 
al
ulated using the moments of the x
 and y
histograms and the 
orrelator < x
y
 >. Using this tilt, a sample of simulatedevents is reweighted and �t to the x
 and y
 histograms. The result of this �tare the photon beam horizontal and verti
al mean positions and RMS spreads,along with the a

eptan
e 
orre
ted number of bremsstrahlung events. Thisa

eptan
e 
orre
ted number of events is then used to 
al
ulate the luminosityusing the known bremsstrahlung 
ross se
tion. An example of the output ofthe �t was shown in Figs. 19 and 20. Note the high statisti
s a

umulated inthe 16 se
ond integration period. The E
 histogram, in Fig. 25, agrees wellwith the Monte Carlo predi
tion without any additional parameters.Some small additional 
orre
tions must be applied to obtain the �nal lumi-nosity, su
h as good 
oin
iden
es not �ring the hardware trigger before thetrigger threshold was lowered. The trigger is simulated by shifting the gain ofea
h 
hannel in Monte Carlo by the amount observed in the most re
ent 
ali-bration. This is typi
ally a 2� 3% 
orre
tion. Another 
on
ern 
aused by thegain drifts from radiation are systemati
 shifts in the y position of the photon.This was tested by Monte Carlo with the maximum observed gain drifts. Thee�e
t is found to be at most a few per 
ent and 
ompletely negligible whenfrequent 
alibrations are being 
arried out. During normal running 
onditions,a 
alibration is done at the end of ea
h �ll of HERA.The 
al
ulated luminosities for a typi
al 8-hour run are shown in Fig. 26. Thelower 
urve, with values shown on the left hand axis, is the instantaneousluminosity reported by the monitor. The de
rease in luminosity during theperiod is primarily attributable to the de
rease in ele
tron beam 
urrent over32



the period. The upper 
urve in the �gure, with values shown on the axis tothe right, is the instantaneous spe
i�
 luminosity, obtained by dividing by thesum of the produ
t of proton and ele
tron bun
h 
urrents as in Eqn. 9. Notethat the instantaneous spe
i�
 luminosity de
reases mu
h more slowly, whi
his due to the in
rease of the proton beam emittan
e.
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Fig. 26. Lower histogram shows the instantaneous luminosity (left s
ale); the upperhistogram shows the spe
i�
 luminosity (right s
ale), during a typi
al beam �ll. Notethat the luminosity de
rease during the �ll primarily arises from loss of ele
tron
urrent.5.6 Systemati
 un
ertaintiesThe systemati
 un
ertainties from various sour
es are given in Tab. 5.6.The shape of the aperture and its alignment relative to the dete
tors wereea
h measured to an a

ura
y of 1 mm. The e�e
ts of gain drifts 
ould 
ausea shift in y
 measurement of 2 mm. To 
he
k the e�e
t on the a

eptan
e,a Monte Carlo simulation of the photon beam was moved by these amounts.The overall un
ertainty on the a

eptan
e from these e�e
ts is 2:5%, as givenin the �rst row of the table.The a

eptan
e is dire
tly proportional to the fra
tion of photons 
onverted inthe exit window (a very small fa
tion from the air also). Un
ertainties on the
ross se
tion for 
onversion, material in the window, and the window thi
knesslead to an un
ertainty on the a

eptan
e of 2%, shown in the next row.33



Cause Un
ertainty in LuminosityVerti
al alignment and y
 measurement 2.5%Photon 
onversion rate 2%Pile-up 0.5%Deadtime measurement 0.5%Theoreti
al Bethe-Heitler 
ross se
tion 0.5%Dipole magneti
 �eld smallTrigger threshold 
orre
tion smallTotal 3.5%Table 3Estimated systemati
 errors asso
iated with the issues 
reating the largest e�e
ts.Several other e�e
ts were 
onsidered and estimated to be < 0:5%. These in-
lude pile-up of bremsstrahlung photons, deadtimemeasurement, knowledge ofthe dipole �eld, trigger threshold 
orre
tion, and the theoreti
al Bethe-Heitler
ross se
tion.For the early operations, un
ertainties in the a

eptan
e, window 
onversions,and other issues resulted in an overall 3:5% estimated error in the luminositydetermination. With time and experien
e, this error will de
rease. The mostimportant step in a
hieving this will be the dire
t and empiri
al determinationof the a

eptan
e and 
onversion fra
tion, using the 6 meter tagger lo
atednear the IP. This devi
e 
olle
ts an unbiased sample of re
oil bremsstrahlungele
trons, with 
ompanion photon energies within the a

eptan
e of the lumi-nosity spe
trometer. For su
h tagger events, the fra
tion with dete
ted photons
onstitutes a dire
t measure of the produ
t fA in Eqn. 10. After appropri-ate experien
e and experimentation, we anti
ipate the ultimate un
ertainty inluminosity measurement to be about 2%.6 SummaryIn summary, the luminosity spe
trometer has been su

essfully brought intooperation. The devi
e has been used to measure luminosity for the 2004 data
olle
tion by ZEUS with an estimated error of 3:5%. Operations were largelyas anti
ipated. The only major obsta
le was the very intense syn
hrotron ra-diation �eld in the region of the 
alorimeters. This radiation 
ompromisedsomewhat the operations of the wavelength-shifting readout of the 
alorime-ter s
intillators. With re
ent and ongoing shielding improvements, along withdire
t measurements of the produ
t of the photon 
onversion fra
tion and34



a

eptan
e, we anti
ipate a
hieving luminosity measurements with about 2%un
ertainty with the luminosity spe
trometer system.A
knowledgmentsWe thank I. Abt for her help on the 
onstru
tion of the radiation monitorand her very helpful dis
ussions and 
omments on the paper, M. Gil andW. Ru
hlewi
z for their support on the DAQ system, C. Muhl for his help onthe dete
tor shielding 
onstru
tion, and U. Stoesslein for her help on ZEUSo�ine software organization.Referen
es[1℄ U. S
hneekloth, The HERA luminosity upgrade, preprint, HERA-98-05 (1998).URL http://www.desy.de/{~}ahluwali/HERA-98-05[2℄ K. J. Gaemers, M. van der Horst, The pro
ess e�p! 
 e�p as a fast luminositymonitor for the HERA 
ollider, Nu
l. Phys. B 316 (1989) 269.[3℄ J. Andruszk�ow, et al., Luminosity measurement in the ZEUS experiment, A
taPhys. Pol. B 32 (2001) 2025.[4℄ H1 Collab., Luminosity measurement in the H1 experiment at HERA,submitted to the 28th International Conferen
e on High-Energy Physi
s,ICHEP1996, Warsaw, Poland, July 1996 (1996).[5℄ Polarization 2000 Group, Polarization 2000 (unpublished), DESY-PRC 98-07(1998).[6℄ M. J. Berger, et al., XCOM: Photon Cross Se
tions Database, NIST StandardReferen
e Database 8 (XGAM).URL http://physi
s.nist.gov/PhysRefData/X
om/Text/XCOM.html[7℄ Y. Holler, private 
ommuni
ation.[8℄ Opera 2-d, Ve
tor Filed Ltd, Oxford.[9℄ M. Marx, private 
ommuni
ation.[10℄ J. Breitweg, et al., ZEUS Collaboration, Measurement of the proton stru
turefun
tion F2 at very low Q2 at HERA, Phys. Lett. B487 (2000) 53{73.[11℄ B. Surrow, Measurement of the proton stru
ture fun
tion F2 at low Q2 and verylow x with the ZEUS beam pipe 
alorimeter at HERA, Ph.D. Thesis (1998).[12℄ T. Monteiro, Study of ex
lusive ele
troprodu
tion of �0 mesons at low q2 usingthe zeus beam pipe 
alorimeter at hera, Ph.D. Thesis (1998).35

http://www.desy.de/{~}ahluwali/HERA-98-05
http://physics.nist.gov/PhysRefData/Xcom/Text/XCOM.html


[13℄ Test and running experien
e with HAMAMATSU R5600-03 PMTs.URL http://www-zeus.desy.de/
omponents/bp
/pmt$_$report.ps[14℄ W. Ru
hlewi
z, private 
ommuni
ation.[15℄ R. Gra
iani Diaz, A new w/s
intillator ele
tromagneti
 
alorimeter forZEUS, pro
. of the 9th Int. Conf. on Calorimetry in High Energy Physi
s.(CALOR2000), Anne
y/F (2000) (2000).[16℄ H. Bethe, W. Heitler, On the stopping of fast parti
les and on the 
reation ofpositive ele
trons, Pro
. Roy. So
. Lond. A146 (1934) 83.

36

http://www-zeus.desy.de/components/bpc/pmt$_$report.ps

	Introduction
	Spectrometer design and components
	Exit window
	Collimators
	Dipole magnet
	Calorimeters
	Data Acquisition System

	Calorimeter Reconstruction of Electrons and Photons
	Reconstructing electron energies and positions
	Reconstructing bremsstrahlung energy and position

	Luminosity Calculation
	Instantaneous and specific luminosities
	Luminosity Measurement
	Conversion fraction, f
	Upstream Obstacles
	Converted Pairs Accepted into Calorimeter
	Small Corrections and Uncertainties

	System Operation
	Position Measurements
	Energy Measurements
	Radiation Complications
	Bremsstrahlung and Pair Production Measurements
	Measurements of Luminosity
	Systematic uncertainties

	Summary
	References

