4.4 The Forward Detector Concept

4.4.1 Forward Detector - Overview

The Forward Detector (FD) detectschargedand neutral particlesin the angularrange
between5 and 40 degrees. The new detector is designedto provide extended par-
ticle identi cation, better chargedparticle tracking resolution, improved two-photon
separation, nearly full azimuthal coveragefor photon detection and greatly reduced
sensitivity to badkground comparedto the presem CLAS. The FD consistsof the
following detector elemems beginningwith the oneclosestto the target:

The small angle part of the silicon microstrip detector (seeFig. 4.18)
The high threshold Cherenlov courter (HTCC)

Coil calorimeter (coilEC)

Tracking chambers (R1, R2, R3) with axial and stereoreadout

Low threshold Cherenlov courter (LTCC)

Time-of- ight scirtillator arrays (FTOF)

Preshaver electromagneticcalorimeter (preEC)

CLAS forward electromagneticcalorimeter (FEC)

We give here a brief description of every elemen in the FD system. A more
detailed descriptionis provided in the sectionsfollowing this overview.

High threshold Cherenk ov detector

The bulk of the FD provides active coveragein the azimuthal range not blocked by
the main torus coils. Electron identi cation and pion rejection is accomplishedusing
a new Cherenlov detector HTCC operated with a light radiator gassud as CO,.
This will provide pion rejection for momena up to 4.9 GeV.

Coil electromagnetic calorimeter

The coil electromagneticcalorimeter(coilEC) providesphoton detectionin the regions
shadaved by the torus magnetcoils. In conjunction with the microstrip detector is
can discriminate photons from chargedtracks.

Tracking chambers

Forward tracking of charged patrticles is accomplishedoy three sets of chambers,
analogousto the presem CLAS drift chambersand namedaccordingly Regionsl, 2
and 3 (R1, R2, R3). Thesechamberswill cover lessthan half the polar angularrange
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of the presen setup. By keepingthe channelcourt constan, we are ableto decrease
the cell sizeand active time window by morethan a factor of two, resulting in better
spatial resolution and decreasedensitivity to badkgrounds.

Low threshold Cherenk ov counter

The LTCC is the modi ed CLAS Cherenlov Detector operated with a highly dense
gasto allow pion iderti cation for momena above 3 GeV/c.

Forward time-of-igh t detector

The FTOF array consistsof scirtillator strips recycledfrom the existing CLAS TOF
detector. The newarray will consistof a doublelayer of 5cmthick scirtillator paddles
eat 5cmwide. This will provide a much improved timing resolution as the amourt
of light collectedin the photomutipliers is increasedby a factor of se\eral.

Preshower electromagnetic calorimeter

The forward electromagneticcalorimeter (FEC) currertly usedin CLAS will be aug-
merted by a more highly segmeted pre-shaver electromagneticcalorimeter (preEC)
located immediately in front of the FEC. It will provide better spatial resolution;
especially neededfor the detection of the two photons from high-energy ° decas.
The FEC will be usedasis.

Exp ected performance of the forw ard detector

The forward spectrometer will be able to detect all charged and neutral particles
emitted in the polar angular range of 5 to 40 degrees;providing momenum reso-
lutions of P:Ef = 0:005+ 0:001 P for charged particles and energy resolutions

of E=E 9% (E(GeV) for photons. Particle identi cation is accomplishedusing
time-of- ight information, Cherenlov courters, and electromagneticcalorimetry. In
addition, kinematical tting can be appliedin somecases.Electronsand canbe
separatedfor momena up to 5 GeV/c using gasthreshold Cherenlov courters, and
above 5 GeV in electromagneticcalorimeters. Kaons(protons)can be separatedfrom
pions for momena up to 3(4.5) GeV using the upgradedtime-of- ight arrays, and
above 3 GeV usingthe low threshold Cherenlov courter asa veto for kaons. Only the
direction of the momertum vector can be measuredfor charged particles headedfor
the main torus coils. All of the detectorscan operatein the badground ervironmert
expectedat luminosities of 10°°s cm 2.

In the following sectionswe descrike the detector componerts of the forward detector
in more detail.
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Figure 4.19: Concept of the High Threshold Cerenkov Detector located inside the Torus
coil arrangemer.

4.4.2 High Threshold Cerenkov Counter (HTCC)

The HTCC is the rst active detector downstream of the microstrip tracker. Its
main function is to aid in the identi cation of electronsand pions. A relatively light
gassud as CO, will be usedas a radiator. This will provide a threshold for the
detection of charged pions of 4.9 GeV/c. In conbination with the CLAS FEC, this
will provide highly e cient electronidenti cation. A pion rejection factor of > 2000
can be achieved this way for the ertire momernium rangeup to 4.9 GeV.

The HTCC will alsobe usedin combination with the LTCC for chargedpion identi-

cation in the critical momerium rangefrom 2.9- 4.9 GeV. In this momerium range
the HTCC doesnot detect pionswhile the LTCC does,this way providing identi ca-

tion of both electronsand chargedpions. The HTCC is locatedin front of the Torus
magnetand the rst forward tracking chamber. A conceptualview is shavn in Fig.
4.19.

The very limited spaceavailable for the HTCC puts seriousconstrairts on the optics
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and the performanceof the mirror system and the photon detectors. Figure 4.20
illustrates the optics of the HTCC. To optimize the light collection light produced
at scattering angleslessthan about 20 degreeis re ected toward large anglesin the

sameTorus sector, while light produced at scattering angle greater than 20 degree
is re ected toward the opposite Torus sector. The expectedresponsein terms of the
number of collected photoelectronshas beensimulated using the measuredproper-
ties of the mirror systemin the CLAS Cerenlov courter, and photomultipliers with

known photocathode sensitivitiesand quartz windows *. Fig 4.21shovsthe projected
distribution of the averagenumbers of photoelectrons(N,e) acrossthe plane.
In the polar anglerange from 6 to 35 degreeshe Ny is between8 and 12, slightly

dependen onthe polar angle. Ny is independen of the azimuthal angle . In uence

of the magnetic eld of the solenoidon the particle trajectoriesis neglectedas for

the high momenum electrons( 1 GeV/c) the solenoid eld in rst appraximation

will only producea changein azimuthal angle. The main e ect is a smearingof the

photon distribution in the detector plane.

Most photons will directly hit the photocathode areain the 5" photomultiplier
tubes, those outside are collectedin Winston cone mirrors around the PMTs. The
PMTs are located in the fringe eld of the Torus magnetand will be magnetically
isolated with a multi-layer magnetic shield. Sudr magnetic shields has been used
successfullyin the CLAS Cerenlov detector [224].

4.4.3 Forward Tracking Chambers

The forward tracking chambers measurechargedtracks which have polar anglesbe-
tween5 and 40 . In orderto usethe missingmasstechnique e ectively, the forward
chambers must have excellen momerium resolution. The designwe presen here
should allow momerium determination of p=p=  (0:1% p)?+ (0:2%= )2. The
spatial resolution portion of 0:1% p is a factor of three better than the performance
of the currernt CLAS tracking system. The chambers'intrinsic resolution is expected
to decreasdrom the presem 330 m to 200 m , due to smaller cell size. We also
expect to gain another factor of 1.5 by more carefully cortrolling our knowledge of
the B eld and the chamber positions.

The forward tracking system consistsof three sets of drift chambers: region 1,
located immediately beforethe Torus magnet; region 2, located betweenthe Torus
coils,and region3, just behindthe Toruscoils. This arrangemet is similar to the one
currertly usedin CLAS, and optimizesthe momerium resolution. The cell structure
will be very similar to the current design,andwill consistof a hexagonalkellgeometry
Becausehe polar angular coveragewill be half that of the current chambers, the cell
sizeand hencethe time window and the spatial resolution are expectedto be roughly
half that of the presem chambers.

1The characteristics of the Burle 8854 photomultiplier have beenused
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Figure 4.20: Optics of the High Threshold Cerenkov Detector. Cerenkov photons are
generatedin the gasvolume beginning after the microstrip detector and the mirror system.
The mirror system consists of 4 small angle segmeims which re ect the light toward the
outside region of the torus magnetin the samesector. The 4 large angle mirrors re ect the
light toward the PMTs located in the opposite sector. In order to avoid light obstruction
due to the beam pipe the mirrors are tilted by about 15° left and right of the beam pipe.

This designwill provide precisemeasuremets of the particle trajectory (100 m
accuracy per 12-layer chamber). They are also much lesssensitive to badkground
rates than the currernt chambers; by keepingthe channel court constart but making
the cell size twice as small and reducing the sensitive time by a factor of two, we
reducethe phasespacevolume (volume drift-time) by a factor of eight compared
to the presem chambersfor isolated hit badkgroundsfrom X-rays (a factor of four for
track badkgrounds). The badground rates for the R1 chambers will be reducedby
an additional factor of two by using a special, high drift-v elocity gasmixture sud as
He CF,.
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Figure 4.21: Left: Distribution of the number of photoelectronsNe for the HTCC in the

plane. The simulation wasdonefor electronsof 1.5 GeV/c momertum. The solenoidal
eld wasincluded in the simulation at full strength of 5 Teslacertral eld. The phi motion
of the electronsin the solenoid eld leadsto a slight broadening of the photon distribution
at the Winston conesand PMTs. Right: AverageNpe versusthe polar angle (projection
of the graph on the left onto the axis). The -dependencein Npe is due to the dierent
radiator gaslength for di erent polar angles.

444 Low Threshold Cerenk ov Counter

The Cerenlov courter installed in the existing CLAS detector will be re-usedto
provide electron/pion separationfor momena up to 2.7 GeV/c and to idertify *
and for momena greaterthan 3 GeV/c. The radiator gaswill be C4F,9 asin the
currert system. In CLAS the Cerenlov courter is exclusiwely usedfor electron/
separation. The mirror systemin the CLAS Cerenlov courter was designedto be
most e cient for inbending particles, while for outbending trajectorieslessthan full
e ciency for detectionis obtained. At the higher energiesafter the upgradeCLAS™
will be usedto identify pionsboth inbendingand outbending. In orderto achiewve full
detectione ciency the optical systemneedsto be re-adjustedand likely the ellipical
mirrors needto be replaced. Simulations are currertly underway to determine the
optimal optics for usewith CLAS*™ .

445 Outer TOF System

The outer TOF systemhasthe geometry of the existing CLAS detector [225, 226],
but the detectorswill be upgradedfor improved timing resolution. The designgoalis
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to achiewve timing resolutionof =50 ps. This timing resolution allows separationof
pions from kaonsup to 3 GeV/c and pions from protons up to 6 GeV/c (Fig. 4.22).
This assumesa \4 " dierence in time betweenthe two particles and allows iden-
ti cation of a signal in the presem of other particles with ten times higher rates.
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Figure 4.22: Time di erences between protons and pions, and between kaons and
pions over the 500cm path length expectedfor the outer TOF system.

The resolution of the courters in the presen CLAS TOF systemcan be summa-
rized as follows: The attenuation length of the forward-anglecourters (15-cmwide)
can be appraximated by = 134cm + 0.36L, wherel is the length of the courter
in cm. The large-anglescirtillators (22-cm wide) have an appraximate attenuation
length of 430 cm. The time resolution of ead courter has been measuredwith
cosmic-rgs; it canthen be parametrizedwith the following formula:

u

_ b, 2+ (p L=2)2
TOF(nS) 0 Npe eXFx L=2)

(4.1)

where =0.062 ns represets the intrinsic resolution of the electronic measuring
systemsand other processeswhich are independen of light level, ; = 2.1 nsis
the combined single-photaeelectron responseof the scirtillator and PMT, and p =
0.0118ns/cm corresmndsto path length variationsin the light collection. Path length
variationsin the scirtillator scalewith the distancefrom the sourceto the PMT, which
we take to be half the length of the courter (L=2). The statistical beha/iar of the last
two terms is indicated by scalingthe single-photeelectronrespnsesby  Npe, Where
Npe = 1043is the averagenumber of photoelectronsseenby the PMT of a courter
with an in nitely long attenuation length. For scirtillators which are seeral meters
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in length, the dominart cortribution comesfrom transit time variations of photon
paths in the scirtillator.

Prototypes have achieved the desiredresolution for courters 200 cm in length.
Two examplesare shavn in Fig. 4.23 proving that a single plane of scirtillators can
achiewve a resolution of 70 ps. The combined resolution of two measuremets acieves
the resolution of 50 ps. The prototypesusedfast scirtillator and XP2020PMTS.
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Figure 4.23: Previousmeasuremets
from two prototypes, 200 cm in
length. The resolution of 50 ps
is adhieved using two scirtillator
planes which determine times with
resolution of 70 ps.

Counter Length (cm)

Figure 4.24: Expectedresolutionfor
the existing detectors (15 cm wide)
with an intrinsic electronic resolu-
tion of o= 40 ps. Also showvn are
preditionsfor courters 5cmin width
and for two planes of 5 cm wide

courters.

Electronics

As a guide to necessarymprovemerts in the time resolution of the system,we scale
the parameterizationof the CLAS systemto narrow courters. The intrinsic resolution
of the electronicssystem( o in EQ.4.1) must be reducedand we have measuredit
to be assmall as 14 psin various setups[227]. There are mary cortributions to this
term, and ead electroniccompomert will have to be selectedcarefully to insurethat
it mets our speci cations. In order to achieve the rate capability at a luminosity of
10°°cm 2s ! (seeSectionon Certral TOF system), a pipeline TDC will be usedto
readout thesedetectors. The Je erson Lab Fast Electronicsgroup is deweloping sud
a TDC basedon the COMPASS F1 chip which satis es our requiremeits. Therefore,
we assumethat (= 40 ps determinedby the resolution of the TDC, which is 40 ps
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PMT (2")  RiseTime Scirtillator  Bulk

XP2262B (;SO) em) )
. BC-408 380 2.1
XP2020 15
BC-404 160 1.8
XP2020/UR 1.4 BC418 100 1.4
R2083 0.7 '

Table4.5: Propertiesof se\eral scin-
tillators. The existing CLAS detec-
tor utilizes BC-408scirtillator.

Table 4.4: Rise time for various
PMTs. The exiting CLAS detector
usesXP2262PMTs.

for the COMPASS F1 chip. The predicted resolutionfrom Eq.4.1is 65 ps, assuming
that the width of the courters is reducedto 5 cm, and is consisten with prototyping
measuremets of Fig. 4.23. The predictions are shown in Fig. 4.24.

Photom ultiplier Tubes

The prototypesthat have adiieved the desiredresolution have used XP2020 PMTs,

which have faster rise times than our current CLAS detector. While detailed proto-

typing e orts should be performedto optimize the choice of componerts, we expect
that afaster PMT will berequired. In Table 4.4 we give the rise time of variouscom-
montubes. The XP2020PMTs have 25%fasterrisetime than the XP2262tubesused
in the current detector which is achieved with improved transit time spreadacross
the photocathode. Faster PMTs are available, but in practice should be matched to

the decy times of the scirtillator material for improved performanceof the overall

system.

Scintillator

We usethis parameterizationto study the possibleimprovemers in resolution based
onatradeo betweenthe decg time of the scirtillator ( ; in Eqg.4.1) and the number
of photoelectrons arriving at the PMT which depends on the attenuation length

The bulk attenuation length and the scirtillator deca times for three typical
scirtillators are listed in Table4.5. In Fig.4.25we plot the expectedresolution asa
function of courter length for the three scirtillators listed in Table4.5. For the gure
we have usedbulk attenuation lengths for BC-404 and BC-418, while we have used
the measuredvaluesfor BC-408. We have also plotted the resolution for BC-418for
half the bulk attenuation length. The plot indicatesthat, if the actual attenuation
lengths approad the bulk attenuation of the material, the decg time dominatesthe
performancefor courters lessthan 200cm in length. This is an option that shouldbe
exploredexperimentally for the shortestcourters. Otherwise,we seethat the existing
material BC-408is a good choicefor scirtillation material.
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Figure 4.25: Resolution for various scirtillators shaving the tradeo betweenatten-
uation length and scirtillator decg time.

4.4.6 Inner Calorimeter

In the presen CLAS system,neutral particles headingfor the coils are not detected.
Like for charged particles one would like to determinethe directions of all photons.
This requiresto cover the inside of the torus coilswith photon detectors. Ideally, the
detector should also give someinformation on charged particles, like energydeposi-
tion, range,etc.

The detector is very compact sincethere is little spaceavailable in the angular
range between5 and 40 to complemen the forward calorimeters. There is alsoa
signi cant magnetic eld in the region of the Torus coils that must be accomaated
in the calorimeter design. A promising solution is to install short radiation length
crystals. The currertly most likely candidateis the scirtillator crystal lead tungstate
(PbWOQO,). To avoid problemswith the magnetic eld interfering with photomultiplier
readout, the crystal light can be collectedwith avalanche photodiodes (APD). The
signalwill be further ampli ed in low noisepreampli ers andin postampli ers, before
digitization.

This techniqueis currertly plannedfor usein largedetectorsat CERN (e.g. CMS).
Our collaboratorsfrom ITEP have carried out measuremets in a test beamat ITEP
[228, demonstrating the viability of sud a calorimeterfor usein the plannedDVCS
experimert in Hall B. The DVCS experimert has requiremens very similar to the
requiremens for the CLAS upgrade. In particular the experimert will usea super-
conducting solenoidfor shieldingthe detectorsfrom the Moller electron badkground.

A conceptualdesignof a PbWO, calorimeterfor the Torus coil regionis shovn in
Fig. 4.26

189



Figure 4.26: Arrangemert of the Inner Calorimeter covering the regionsof the torus magnet
coils. The calorimeter consistsof lead-tungstate crystals. The light is collectedin Avalanche
Photodiodeswhich are insensitive to magnetic elds. The APD signalis then amplied in
low noise preampli ers.

447 Forward Angle Calorimeter

The CLAS forward electromagneticcalorimeter (FEC) will be reusedin CLAS++

without any modi cations. In conjunction with the two threshold Cherenlov detec-
tors the FEC provides electron identi cation up to the highest particle momerta,
and e cient pion rejection with a rejection factor of > 2000at an electrondetection
e cency of >99%. Above the pion threshold of the HTCC the FEC will cortinue
to provide pion rejection, howewver with reducedrejection power (> 100 at > 95%
electrondetection e ciency) [229].

4.4.8 Pre-shower calorimeter

A major part of the physicsprogramwill require reliable detectionof °sthrough
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their two-photon decygs, in a wide range of momerium and angles. Forward-going
photonsin CLAS aredetectedin the forward electromagnetiacalorimeter(FEC) [230].
FEC is a lead-scinillator sandwit with three stereoreadout planesorierted at 120°
one ead other. The transversesizeof the read out module in a planeis bout 10cm.
The energy of a photons is reconstructed using the fraction of the shawver energy
deposited in the scirtillators. For the FEC this is about 30% of the total energy
deposited in the calorimeter. The production anglesof the photons are determined
via the hit position on the FEC, reconstructedfrom three stereoreadouts. There are
six calorimetermodules,oneper CLAS sector. In Figure 4.27reconstructedhits from
two photonsof a °© deca are shovn using CLAS eert display. In this exampletwo
hits are separatedin two of the three stereoreadout planes(hamedV and W views),
but they are mergedin the third one (U-view).

Figure 4.27: Reconstruction of two photonsfrom © deca in the FEC. Two peaksare seen
on two of the views (called V and W views). Only one peak is reconstructedin the third
view (called U-view).

With 12 GeV beams °swill be producedwith momerta up to 9 GeV/c. With in-
creaseof the pion energythe spatial distancebetweentwo photonsat the calorimeter
will decreaseFigure 4.28,and at pion momerna above 4 GeV/c the distancebetween
two hits will be too small to allow unambiguousreconstructionastwo separatehits.
Most of high energypionswill bereconstructedasa singlehit and canbe misiderti ed
asa singlehigh energyphoton. In Figure 4.29 ° detectione ciency of asa singlehit
(triangles) or astwo hits (squares)in the forward calorimeteris shavn asa function of
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Figure 4.28: Distance betweenhit positions of the two photons from © decay at the FEC
plane asa function of the pion momertum. At a pion momertum of 8 GeV/c the minimum
distance betweenthe two photons is 20 cm which does not allow a reconstruction of the
two photons in the existing CLAS FEC.

pion momerium. Open synbols represeh GEANT simulations with existing geome-
try. As onecan seewith increaseof pion momerium the e ciency for reconstruction
of two hits rapidly decreasesand two photons are mostly reconstructedas a single
hit.

To resohe two photons from high energy pions ner transverse granularity of
the readout plane is needed. This can be done with a ner segmeted pre-shaver
locatedin front of eath FEC module. The pre-shaver will be usedfor a more precise
determination of the hit position. Most of the shover energywill still be absorked
and reconstructedin the FEC. In Figure 4.29full symbols are simulations with higher
transverse segmetation of the calorimeter. Having two hits spacedmore than 3
readout segmets in a view will allow to separate2 photons from ©° decy with
momenum up to 9 GeV/c.

The conceptualdesignfor the pre-shaver is similar to the existing FEC of CLAS.
It is basedon a lead-scittillator sandwit arrangemen with the shape of an apprax-
imately equilateral triangle. Three stereoreadout planesare orierted parallel to the
sidesof the triangle. There are 9 layers of scirtillators, 3 alternating layersin ead
view. Ead layer will consistof 3 cm wide and 0.5 cm thick scirtillator strips. 2
mm thick lead sheetsare interleaved betweentwo scirtillator layers. Light produced
in the scirtillator will be transported to the photo detector via four 1 mm radius
wave-shifting (WS) b ers embeddedin the half-circular equally spacedgrooves on
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Figure 4.29: Osreconstruction e ciency from the reactionep ! ep ° with beamenergy
of 11.5GeV. Simulations are donewith the CLAS FEC only. Opensquaressymbolsindicate
everts when two hits are reconstructed, the invariant massof the two photons is near the

0 mass, and the energy sum is about the energy of the pion. Open triangles show the
fregency of single hit reconstruction with the energy corresponding to the © energy For
momerta of 4 GeV/c and higher most of the © ewverts are misiderti ed as single photons.
The full red squaresshaow the results of a simulation when the preshaver detector is used
in the reconstruction. Pions are reconstructed over the full momertum rangein this case.

the surfaceof the scirtillator [231], as seenin Figure 4.30. Photomultiplier tubes
with  1%greensensitive photocathode will be usedfor light detection. Correspond-
ing strips from 3 layers of the sameview will be read out with a single PMT. From
studies using a prototype model, descriked in [23]], we expect about 15 photoelec-
trons for 1 MeV energydeposition in the scirtillator. With a samplingratio of 0.3
this correspndsto 5 photoelectronsper 1 MeV depositedin the full calorimeter.
Simulations of exclusive, ep ! ep °, and semi-inclusie, ep! e 2, reactions
shoved that pions with momerta > 4 GeV are produced at angles < 25.
Therefore, the pre-shaver must provide coveragefor straight tracks up to 25 . This
correspndsto about half the sizeof the existing FEC. This implies that the heigh
of the triangle, correspnding to the active areaof pre-shaver detector must be about
180cm. The 64 scirtillator strips in a layer with 3cm width cover the desiredarea.
As descriled above, correspnding scirtillator strips of the layers of a view are read
out with a single PMT via four greenWS b ers per strip, 12 b ersfor eah PMT.
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Figure 4.30: 3-d view of a corner of the pre-shaver module. Three layers are shown only.
Wavelength-shifting b ersare usedto readout the light generatedin the plastic scirtillators.
The scintillators and enbedded b ers provide stereoinformation due to a geometry which
is similar to the geometry of the CLAS FEC.

There will be 192readout channelsin ead sector,making a total of 1152channelsfor
the entire system. Each read out channel will be furnished with trigger electronics,
ADCs and TDCs.
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