
4.4 The Forw ard Detector Concept

4.4.1 Forw ard Detector - Overview

The Forward Detector (FD) detectschargedandneutral particlesin the angularrange
between 5 and 40 degrees.The new detector is designedto provide extendedpar-
ticle identi�cation, better chargedparticle tracking resolution, improved two-photon
separation,nearly full azimuthal coveragefor photon detection and greatly reduced
sensitivity to background comparedto the present CLAS. The FD consistsof the
following detector elements beginningwith the oneclosestto the target:

� The small anglepart of the silicon microstrip detector (seeFig. 4.18)

� The high threshold Cherenkov counter (HTCC)

� Coil calorimeter (coilEC)

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

� Low threshold Cherenkov counter (LTCC)

� Time-of-
igh t scintillator arrays (FTOF)

� Preshower electromagneticcalorimeter (preEC)

� CLAS forward electromagneticcalorimeter (FEC)

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

High threshold Cherenk ov detector

The bulk of the FD provides active coveragein the azimuthal rangenot blocked by
the main torus coils. Electron identi�cation and pion rejection is accomplishedusing
a new Cherenkov detector HTCC operated with a light radiator gas such as CO2.
This will provide pion rejection for momenta up to 4.9 GeV.

Coil electromagnetic calorimeter

The coil electromagneticcalorimeter(coilEC) providesphotondetectionin the regions
shadowed by the torus magnet coils. In conjunction with the microstrip detector is
can discriminate photons from chargedtracks.

Tracking chambers

Forward tracking of chargedparticles is accomplishedby three sets of chambers,
analogousto the present CLAS drift chambers and namedaccordingly, Regions1, 2
and 3 (R1, R2, R3). Thesechamberswill cover lessthan half the polar angular range
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of the present setup. By keepingthe channelcount constant, we are able to decrease
the cell sizeand active time window by more than a factor of two, resulting in better
spatial resolution and decreasedsensitivity to backgrounds.

Low threshold Cherenk ov counter

The LTCC is the modi�ed CLAS Cherenkov Detector operated with a highly dense
gasto allow pion identi�cation for momenta above 3 GeV/c.

Forw ard time-of-
igh t detector

The FTOF array consistsof scintillator strips recycledfrom the existing CLAS TOF
detector. The newarray will consistof a doublelayer of 5cmthick scintillator paddles
each 5cm wide. This will provide a much improved timing resolution as the amount
of light collectedin the photomutipliers is increasedby a factor of several.

Presho wer electromagnetic calorimeter

The forward electromagneticcalorimeter (FEC) currently usedin CLAS will be aug-
mented by a more highly segmented pre-shower 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� o decays.
The FEC will be usedas is.

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 momentum reso-
lutions of � P=P = 0:005+ 0:001� P for charged particles and energy resolutions
of � E=E � 9%

q
(E(GeV) for photons. Particle identi�cation is accomplishedusing

time-of-
igh t information, Cherenkov counters, and electromagneticcalorimetry. In
addition, kinematical �tting can be applied in somecases.Electrons and � � can be
separatedfor momenta up to 5 GeV/c using gasthreshold Cherenkov counters, and
above 5 GeV in electromagneticcalorimeters.Kaons(protons)can be separatedfrom
pions for momenta up to 3(4.5) GeV using the upgradedtime-of-
igh t arrays, and
above 3 GeV usingthe low thresholdCherenkov counter asa veto for kaons.Only the
direction of the momentum vector can be measuredfor chargedparticles headedfor
the main torus coils. All of the detectorscan operate in the background environment
expectedat luminosities of 1035s� 1cm� 2.
In the following sectionswe describe the detectorcomponents 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 arrangement.

4.4.2 High Threshold Cerenk ov Coun ter (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
gas such as CO2 will be used as a radiator. This will provide a threshold for the
detection of chargedpions of 4.9 GeV/c. In combination with the CLAS FEC, this
will provide highly e�cien t electron identi�cation. A pion rejection factor of > 2000
can be achieved this way for the entire momentum rangeup to 4.9 GeV.
The HTCC will alsobe usedin combination with the LTCC for chargedpion identi-
�cation in the critical momentum rangefrom 2.9 - 4.9 GeV. In this momentum range
the HTCC doesnot detect pionswhile the LTCC does,this way providing identi�ca-
tion of both electronsand chargedpions. The HTCC is located in front of the Torus
magnet and the �rst forward tracking chamber. A conceptualview is shown in Fig.
4.19.
The very limited spaceavailable for the HTCC puts seriousconstraints 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 collectedphotoelectronshas beensimulated using the measuredproper-
ties of the mirror systemin the CLAS Cerenkov counter, and photomultipliers with
known photocathodesensitivitiesand quartz windows 1. Fig 4.21shows the projected
distribution of the averagenumbers of photoelectrons(Npe) acrossthe � � � plane.
In the polar angle range from 6 to 35 degreesthe Npe is between8 and 12, slightly
dependent on the polar angle. Npe is independent of the azimuthal angle� . In
uence
of the magnetic �eld of the solenoidon the particle tra jectories is neglectedas for
the high momentum electrons( 1 GeV/c) the solenoid�eld in �rst approximation
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 area in the 5" photomultiplier
tubes, those outside are collected in Winston conemirrors around the PMTs. The
PMTs are located in the fringe �eld of the Torus magnet and will be magnetically
isolated with a multi-layer magnetic shield. Such magnetic shields has been used
successfullyin the CLAS Cerenkov detector [224].

4.4.3 Forw ard Tracking Cham bers

The forward tracking chambers measurechargedtracks which have polar anglesbe-
tween5� and 40� . In order to usethe missingmasstechnique e�ectively, the forward
chambers must have excellent momentum resolution. The design we present here
should allow momentum determination of � p=p =

q
(0:1%� p)2 + (0:2%=� )2. The

spatial resolutionportion of 0:1%� p is a factor of three better than the performance
of the current CLAS tracking system. The chambers' intrinsic resolution is expected
to decreasefrom the present 330 �m to 200 �m , due to smaller cell size. We also
expect to gain another factor of 1.5 by more carefully controlling our knowledgeof
the B �eld and the chamber positions.

The forward tracking system consistsof three sets of drift chambers: region 1,
located immediately before the Torus magnet; region 2, located between the Torus
coils,and region3, just behind the Toruscoils. This arrangement is similar to the one
currently usedin CLAS, and optimizesthe momentum resolution. The cell structure
will bevery similar to the current design,andwill consistof a hexagonalcell geometry.
Becausethe polar angular coveragewill be half that of the current chambers, the cell
sizeand hencethe time window and the spatial resolutionareexpectedto be roughly
half that of the present chambers.

1The characteristics of the Burle 8854photomultiplier 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 segments which re
ect the light toward the
outside region of the torus magnet in the samesector. The 4 large anglemirrors re
ect the
light toward the PMTs located in the opposite sector. In order to avoid light obstruction
due to the beampipe the mirrors are tilted by about � 15o left and right of the beampipe.

This designwill provide precisemeasurements of the particle tra jectory (100 � m
accuracyper 12-layer chamber). They are also much lesssensitive to background
rates than the current chambers; by keepingthe channel count constant 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 present chambersfor isolatedhit backgroundsfrom X-rays (a factor of four for
track backgrounds). The background rates for the R1 chambers will be reducedby
an additional factor of two by usinga special, high drift-v elocity gasmixture such as
H e� CF4.

184



0

5

10

15

20

25

30

35

40

-40 -35 -30 -25 -20 -15 -10 -5 0 5 10

6

7

8

9

10

Figure 4.21: Left: Distribution of the number of photoelectronsNpe for the HTCC in the
� � � plane. The simulation wasdonefor electronsof 1.5 GeV/c momentum. The solenoidal
�eld was included in the simulation at full strength of 5 Teslacentral �eld. The phi motion
of the electronsin the solenoid�eld leadsto a slight broadeningof 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 di�eren t
radiator gaslength for di�eren t polar angles.

4.4.4 Low Threshold Cerenk ov Coun ter

The Cerenkov counter installed in the existing CLAS detector will be re-usedto
provide electron/pion separation for momenta up to 2.7 GeV/c and to identify � +

and � � for momenta greater than 3 GeV/c. The radiator gaswill be C4F10 as in the
current system. In CLAS the Cerenkov counter is exclusively usedfor electron/� �

separation. The mirror system in the CLAS Cerenkov counter was designedto be
most e�cien t for inbending particles, while for outbending tra jectories lessthan full
e�ciency for detection is obtained. At the higher energiesafter the upgradeCLAS++

will be usedto identify pionsboth inbendingand outbending. In order to achieve full
detection e�ciency the optical systemneedsto be re-adjustedand likely the ellipical
mirrors needto be replaced. Simulations are currently underway to determine the
optimal optics for usewith CLAS++ .

4.4.5 Outer TOF System

The outer TOF systemhas the geometryof the existing CLAS detector [225, 226],
but the detectorswill be upgradedfor improved timing resolution. The designgoal is
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to achieve timing resolution of � =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 � " di�erence in time between the two particles and allows iden-
ti�cation of a signal in the present 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 counters in the present CLAS TOF systemcan be summa-
rized as follows: The attenuation length of the forward-anglecounters (15-cm wide)
can be approximated by � = 134 cm + 0.36�L, whereL is the length of the counter
in cm. The large-anglescintillators (22-cm wide) have an approximate attenuation
length of 430 cm. The time resolution of each counter has been measuredwith
cosmic-rays; it can then be parametrizedwith the following formula:

� T OF (ns) =

vu
u
t � 2

0 +
� 2

1 + (� P � L=2)2

Npe � exp(� L=2� )
(4.1)

where � 0=0.062 ns represents the intrinsic resolution of the electronic measuring
systemsand other processeswhich are independent of light level, � 1 = 2.1 ns is
the combined single-photoelectron responseof the scintillator and PMT, and � P =
0.0118ns/cm correspondsto path length variations in the light collection. Path length
variations in the scintillator scalewith the distancefrom the sourceto the PMT, which
we take to be half the length of the counter (L=2). The statistical behavior of the last
two terms is indicated by scalingthe single-photoelectron responsesby

q
Npe, where

Npe = 1043is the averagenumber of photoelectronsseenby the PMT of a counter
with an in�nitely long attenuation length. For scintillators which are several meters
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in length, the dominant contribution comesfrom transit time variations of photon
paths in the scintillator.

Prototypes have achieved the desired resolution for counters 200 cm in length.
Two examplesare shown in Fig. 4.23 proving that a singleplane of scintillators can
achieve a resolutionof 70 ps. The combined resolutionof two measurements achieves
the resolution of 50 ps. The prototypesusedfast scintillator and XP2020PMTS.
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Figure 4.23: Previousmeasurements
from two prototypes, 200 cm in
length. The resolution of 50 ps
is achieved using two scintillator
planes which determine times with
resolution of 70 ps.
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Figure 4.24: Expectedresolution for
the existing detectors (15 cm wide)
with an intrinsic electronic resolu-
tion of � 0= 40 ps. Also shown are
preditions for counters 5 cm in width
and for two planes of 5 cm wide
counters.

Electronics

As a guide to necessaryimprovements in the time resolution of the system,we scale
the parameterizationof the CLAS systemto narrow counters. The intrinsic resolution
of the electronicssystem(� 0 in Eq.4.1) must be reducedand we have measuredit
to be as small as 14 ps in various setups[227]. There are many contributions to this
term, and each electroniccompoment will have to be selectedcarefully to insurethat
it mets our speci�cations. In order to achieve the rate capability at a luminosity of
1035cm� 2s� 1 (seeSectionon Central TOF system), a pipeline TDC will be usedto
readout thesedetectors. The Je�erson Lab Fast Electronicsgroup is developingsuch
a TDC basedon the COMPASSF1 chip which satis�es our requirements. Therefore,
we assumethat � 0= 40 ps determinedby the resolution of the TDC, which is 40 ps

187



PMT (2") RiseTime
(ns)

XP2262B 2.0
XP2020 1.5
XP2020/UR 1.4
R2083 0.7

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

Scintillator Bulk � �
(cm) (ns)

BC-408 380 2.1
BC-404 160 1.8
BC-418 100 1.4

Table4.5: Propertiesof several scin-
tillators. The existing CLAS detec-
tor utilizes BC-408scintillator.

for the COMPASSF1 chip. The predicted resolution from Eq.4.1 is 65 ps, assuming
that the width of the counters is reducedto 5 cm, and is consistent with prototyping
measurements of Fig. 4.23. The predictions are shown in Fig. 4.24.

Photom ultiplier Tub es

The prototypesthat have achieved the desiredresolution have usedXP2020PMTs,
which have faster rise times than our current CLAS detector. While detailed proto-
typing e�orts should be performedto optimize the choiceof components, we expect
that a faster PMT will be required. In Table4.4we give the rise time of variouscom-
mon tubes. The XP2020PMTs have25%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 decay times of the scintillator material for improved performanceof the overall
system.

Scintillator

We usethis parameterizationto study the possibleimprovements in resolutionbased
on a tradeo� betweenthe decay time of the scintillator (� 1 in Eq.4.1) and the number
of photoelectrons arriving at the PMT which depends on the attenuation length
� . The bulk attenuation length and the scintillator decay times for three typical
scintillators are listed in Table4.5. In Fig. 4.25 we plot the expected resolution as a
function of counter length for the three scintillators 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 alsoplotted the resolution for BC-418for
half the bulk attenuation length. The plot indicates that, if the actual attenuation
lengthsapproach the bulk attenuation of the material, the decay time dominatesthe
performancefor counters lessthan 200cm in length. This is an option that shouldbe
exploredexperimentally for the shortestcounters. Otherwise,we seethat the existing
material BC-408 is a good choicefor scintillation material.
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Figure 4.25: Resolution for various scintillators showing the tradeo� betweenatten-
uation length and scintillator decay time.

4.4.6 Inner Calorimeter

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

The detector is very compact since there is little spaceavailable in the angular
range between5� and 40� to complement the forward calorimeters. There is also a
signi�cant magnetic �eld in the region of the Torus coils that must be accomodated
in the calorimeter design. A promising solution is to install short radiation length
crystals. The currently most likely candidateis the scintillator crystal lead tungstate
(PbWO4). To avoid problemswith the magnetic�eld interfering with photomultiplier
readout, the crystal light can be collectedwith avalanche photodiodes(APD). The
signalwill befurther ampli�ed in low noisepreampli�ers and in post ampli�ers, before
digitization.

This techniqueis currently plannedfor usein largedetectorsat CERN (e.g. CMS).
Our collaborators from ITEP have carried out measurements in a test beamat ITEP
[228], demonstratingthe viabilit y of such a calorimeter for usein the plannedDVCS
experiment in Hall B. The DVCS experiment has requirements very similar to the
requirements for the CLAS upgrade. In particular the experiment will usea super-
conductingsolenoidfor shieldingthe detectorsfrom the M•oller electronbackground.

A conceptualdesignof a PbWO4 calorimeter for the Torus coil region is shown in
Fig. 4.26
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Figure 4.26: Arrangement of the Inner Calorimeter covering the regionsof the torus magnet
coils. The calorimeter consistsof lead-tungstatecrystals. The light is collectedin Avalanche
Photodiodeswhich are insensitive to magnetic �elds. The APD signal is then ampli�ed in
low noisepreampli�ers.

4.4.7 Forw ard Angle Calorimeter

The CLAS forward electromagneticcalorimeter (FEC) will be reusedin CLAS++
without any modi�cations. In conjunction with the two threshold Cherenkov detec-
tors the FEC provides electron identi�cation up to the highest particle momenta,
and e�cien t pion rejection with a rejection factor of > 2000at an electrondetection
e�cency of > 99%. Above the pion threshold of the HTCC the FEC will continue
to provide pion rejection, however with reducedrejection power (> 100 at > 95%
electrondetection e�ciency) [229].

4.4.8 Pre-sho wer calorimeter

A major part of the physicsprogram will require reliable detectionof � 0s through
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their two-photon decays, in a wide range of momentum and angles. Forward-going
photonsin CLAS aredetectedin the forward electromagneticcalorimeter(FEC) [230].
FEC is a lead-scintillator sandwich with three stereoreadout planesoriented at 120o

oneeach other. The transversesizeof the read out module in a plane is bout 10cm.
The energy of a photons is reconstructedusing the fraction of the shower energy
deposited in the scintillators. 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 � 0 decay are shown using CLAS event display. In this exampletwo
hits are separatedin two of the three stereoreadout planes(namedV and W views),
but they are mergedin the third one(U-view).

Figure 4.27: Reconstruction of two photons from � 0 decay in the FEC. Two peaksare seen
on two of the views (called V and W views). Only one peak is reconstructed in the third
view (called U-view).

With 12GeV beams� 0s will be producedwith momenta up to 9 GeV/c. With in-
creaseof the pion energythe spatial distancebetweentwo photonsat the calorimeter
will decrease,Figure 4.28,and at pion momenta above 4 GeV/c the distancebetween
two hits will be too small to allow unambiguousreconstructionas two separatehits.
Most of high energypionswill bereconstructedasa singlehit andcanbemisidenti�ed
asa singlehigh energyphoton. In Figure 4.29� 0 detectione�ciency of asa singlehit
(triangles) or astwo hits (squares)in the forward calorimeteris shown asa function of
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Figure 4.28: Distance betweenhit positions of the two photons from � 0 decay at the FEC
plane asa function of the pion momentum. At a pion momentum of 8 GeV/c the minimum
distance between the two photons is 20 cm which does not allow a reconstruction of the
two photons in the existing CLAS FEC.

pion momentum. Open symbols represent GEANT simulations with existing geome-
try. As onecan seewith increaseof pion momentum the e�ciency for reconstruction
of two hits rapidly decreases,and two photons are mostly reconstructedas a single
hit.

To resolve two photons from high energy pions �ner transverse granularit y of
the readout plane is needed. This can be done with a �ner segmented pre-shower
located in front of each FEC module. The pre-shower will be usedfor a more precise
determination of the hit position. Most of the shower energywill still be absorbed
and reconstructedin the FEC. In Figure 4.29full symbols aresimulations with higher
transverse segmentation of the calorimeter. Having two hits spacedmore than 3
readout segments in a view will allow to separate2 photons from � 0 decay with
momentum up to 9 GeV/c.

The conceptualdesignfor the pre-shower is similar to the existing FEC of CLAS.
It is basedon a lead-scintillator sandwich arrangement with the shape of an approx-
imately equilateral triangle. Three stereoreadout planesare oriented parallel to the
sidesof the triangle. There are 9 layers of scintillators, 3 alternating layers in each
view. Each layer will consist of 3 cm wide and 0.5 cm thick scintillator strips. 2
mm thick lead sheetsare interleaved betweentwo scintillator layers. Light produced
in the scintillator will be transported to the photo detector via four 1 mm radius
wave-shifting (WS) �b ers embedded in the half-circular equally spacedgrooves on
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Figure 4.29: � 0s reconstruction e�ciency from the reaction ep ! ep� 0 with beamenergy
of 11.5GeV. Simulations aredonewith the CLAS FEC only. Opensquaressymbols indicate
events 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
freqency of single hit reconstruction with the energy corresponding to the � 0 energy. For
momenta of 4 GeV/c and higher most of the � 0 events are misidenti�ed as single photons.
The full red squaresshow the results of a simulation when the preshower detector is used
in the reconstruction. Pions are reconstructed over the full momentum range in this case.

the surfaceof the scintillator [231], as seenin Figure 4.30. Photomultiplier tubes
with � 100greensensitive photocathode will be usedfor light detection. Correspond-
ing strips from 3 layers of the sameview will be read out with a singlePMT. From
studies using a prototype model, described in [231], we expect about 15 photoelec-
trons for 1 MeV energydeposition in the scintillator. With a sampling ratio of 0.3
this correspondsto 5 photoelectronsper 1 MeV deposited in the full calorimeter.

Simulations of exclusive, ep ! ep� 0 , and semi-inclusive, ep ! e� 0, reactions
showed that pions with momenta > 4 GeV are produced at angles � < 25� .
Therefore, the pre-shower must provide coveragefor straight tracks up to 25� . This
corresponds to about half the sizeof the existing FEC. This implies that the height
of the triangle, corresponding to the active areaof pre-shower detectormust be about
180 cm. The 64 scintillator strips in a layer with 3cm width cover the desiredarea.
As described above, corresponding scintillator strips of the layers of a view are read
out with a single PMT via four greenWS �b ers per strip, 12 �b ers for each PMT.
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Figure 4.30: 3-d view of a corner of the pre-shower module. Three layers are shown only.
Wavelength-shifting �b ersareusedto readout the light generatedin the plastic scintillators.
The scintillators and embedded�b ers provide stereo information due to a geometry which
is similar to the geometry of the CLAS FEC.

There will be 192readoutchannelsin each 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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